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ABSTRACT 

3+ 6 2+ 8 3+ 8 The S-state ions Fe · s512 , Eu s712 , and Cm s7; 2 have been 

investigated by means of M8ssbauer or electron spin resonance experiments, 

or both. 
151 Nuclear resonance of Eu was employed to study the isomer 

shifts and internal fields in the ferromagnetic insulators EuO and EuS. 

These results, and isomer shifts for several other europium compounds, are 

correlated on the basis of core polarization. The temperature dependence 

of the internal field of EuO was obtained and compared with spin-wave and 

Weiss-field theories. Iron-57 was studied in the metallo-organics 

ferrichrome and ferrichrome A. In these paramagnetic compounds the long 

.electronic relaxation time allows a nonvanishing hyperfine field to be 

observed by M8ssbauer resonance. Electron spin resonance measurements 

with these compounds are also described. A crystal field model is devel-

oped which correlates the M8ssbauer and electron spin resonance results. 

In addition, a simple theory for the effect of electronic relaxation on 

M8ssbauer spectra is described and applied to the ferrichrome A results. 

The paramagnetic resonance of cm3+ has been observed in trichloride and 

ethylsulfate crystals. The large deviation of em3+ from S-state 

behavior was evidenced by the anisotropic g values found for this ion 

in the above crystals. Experiments with em3+ in the double nitrate 

lattice are also described. 

=====":===~==---------~-----·~·-... -.-. -·-···-·-~-

i 
'l 



. . 

-1-

I. INTRODUCTION 

The classic paper by Bethe1 remains one of the clearest treatments 

of the splitting of term~ in crystals. The group theory arguments first 

set forth in that paper have constituted the first line of prediction 

concerning S-state ion behavior in a crystal field. It is interesting 

to note that no definitive quantitative discussion of s-state behavior 

has been obtained which has a broad range of validity. Bethe's results 

implied a small interaction between an s-state ion and its crystalline 

environment. While several suggestions for the origin· of these inter

actions have been made, 2- 5 its nature is still obscure. Consequently, 

these interactions have often been studied experimentally. 6- 8 

On the other hand, our investigations are concerned with effects 

arising from admixtures of non-S terms into the ground states of the ions 

Fe3+, Eu2+, and em3+. Asymmetric distortions of the outer electrons 

are monitored by electron spin resonance (ESR), while distortions of the 

cores electrons may be observed by the ~ssbauer effect OME). Thus these 

experimenta,l- techniques are relatively sensitive to deviations from the 

assumptions resulting-in the assignment of S-state terms. 

The extreme example is em3+ (nominally Sf7 8s
712

), where a break

down in Russell-Saunders coupling will be shown to occur to the extent 

of making inapplicable the usual discussions of S-state behavior in 

crystals. Again in Eu2+ (nominally 4£7 8s712), one of the most ideal 

cases of S-state behavior, we observe large internal fields in magneti-

cally ordered EuO and EuS. Such fields vanish in the limit of an idea~ 

S-state ion. Finally, Fe3+ in ferrichromecand ferrichrome A interacts 

with its environment in such a way as to give inunediate evidence, from 
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ESR, of its non-S character. ~ssbauer resonance in these compounds 

shows one of the few known cases of hyperfine structure in a paramagnetic 

iron ion. The measured hyperfine fields again depend for their inter-

3+ pretation on the non-S character of Fe . It should be noted that the 

ESR and ME experiments with ferrichrome A show quire clearly the comple-

mentary nature of these techniques in the elucidation of electronic 

propertie~ of ions. 

A review of the theory of S-state behavior and the phenomenological 

description of their interactions is found in Section II. Sections 

III and IV describe the techniques of M5ssbauer and electron spin 

resonance, re~pectively. Section V is concerned with MBssbauer and 

ESR experiments with Fe3+, and includes the development of a theory 

which accounts for both types of experimental results in ferrichrome 

compounds. A simple theory is also given in this section for the 

effect of electronic relaxation on the M5.ssbauer spectra. Section VI 

d . h . . h 2+ . E 0 E E F d ~scusses t e exper~ments w~t Eu .~n u , uS, u 2 , an EuSe. The 

temperature dependence of the internal field in EuO may also be found 

. th . S . VII d . b ' . 1 . em3+ ~n at sect~on. ect~on escr~ es exper~ments ~nvo v~ng 

in lanthanum trichloride and ethylsulfate crystals, with a brief 

discussion of additional experiments. A general summary and con-

elusions are given in Section VIII. 

I. 
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II. THEORETICAL BACKGROUND 

A. Spin Angular Momentum 

The experiments described in later sections are in large measure 

concerned with effects arising from spin-only angular momentum. Tne 

electron's spin angular momentum is often thought to have no classical 

origin and so is usually introduced either phenomenologically or as a 

natural consequence of Dirac's linear relativistic equation for the 

electron. However, in addition to these more or less physical descrip

tions, Eberlein9 has recently deduced the electron spin in nonrelativistic 

approximation. He was able to avoid relativistic machinations by 

considering a so-called spin model of Euclidean 3-space. For complete-

ness we sketch these methods of introducing electron spin • 

. 1. Phenomenological Approach 

The experimentally measured moment of the electron has magnitude 

et/~c. The angular momentum may be thought of as arising from a 

rotation of negative charge, which, in agreement with experiment, implies 

a moment oppositely directed to the electron's intrinsic or -"spin" 

1 Th h . b . ..., eti ~s h angu ar momentum. us t e moment may e wr1tt,en;c=-'Mc , w ere we 

-7 
introduce the convention of denoting the spin, S, in dimensionless units; 

in this caseS= 1/2 •. 

2. Relativistic Approach 

The Dirac equation for the electron results from a synthesis of 

special relativity theory and nonrelativistic quantum theory. This 

union is essentially non-trivial and is accessible,in standard treatises~O,ll 

Dirac's desire to obtain a linear equation for the electron led to the 

introduction of algebraic operators~>~ which could be expressed as 
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functions of certain p. )c~ , i=l,2,3 defined by 
c. 

. '2 '2. 
. C. =D. ==1. 

\,. \ I l. 

for i,j=l,2,3, 

, for any i , j • 

Thus the definition, not derivation, of quantities satisfying the 

anticommutation relations for the Pauli spin matrices is basic to 

.<~-1) 

the Dirac, theory. The latter results in a f·our-component state vector 

. \ 'V) = ( ~ ) .with q;~ \ ~) , and p \ !:) , where J. and W are called 

the small and large components, respectively. In nonrelativistic 

approximation, the Dirac equation for ~ becomes 

....;> 

where the potentials A0 , A represent an electromagnetic field. It may 

be shown that I( is "small" in this limit and \'¥);: C.E • Equation (4-2) 

is then the ordinary SchrBdinger equation with the additional term 
\ 

~ -"!;. 
and one identifies the vector S= 6t2 with the spin angular 

momentum introduced phenomenologically in Section II.A.l. 

Throughout this discussion we have not suggested that special 

relativity specifically implies a moment for the electron. The intra-

duction of certain algebraic quantities in order to obtain a liriear 

equation, does, however, result in an interaction term representative 

of an electron's spin. The electron spin is a physical reality inde-

pendent of the particular theory used in its description. A proper 

classical theory should also predict this spin moment, as is indicated 

.. --~ 
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by the appearance of electron spin in the "nonrelativistic approxi-

mation" mentioned above. 

3. Spin Model of Euclidean 3-Space 

The traditional method of representing the three-dimensional 

Euclidean space of physics has been to use the Cartesian representation 

E3 • E3 consists of all real 3-tuples, r = (x, y, z) with the usual 

componentwise addition and scalar multiplication. This representation 

9 
of Euclidean 3-space is not unique, and a more elegant representation 

leads to the electron spin as a nonrelativistic effect. We now 

ind~ate this argument. 

Define H2 as the set. of all complex couples ('::G 1 , x?.), with 

componentwise addition and scalar multiplication and inner product 

Define c
3 

as the set of all self-adjoint linear 

transformations of H
2 

into itself of trace 0. £
3 

may be shmvn to be a 

Euclidean 3-space whose elements, normally called vectors, are in this 

case operators over H • A suitable inner product may also be defined. 
2 

C is contained in the group of unitary transformations in H , 
3 2 

namely U(2). U(2) is familiar to physicists in the construction of the 

12 
rotation matrices of group theory. The crucial fact is that in the 

Euclidean 3-space E. , the Pauli matrices 6"1 > csz ><53 constitute an 
3 

orthonormal basis. In fact, any basis in C is "almost" equivalent to 
3 

the spin matrices. It is also possible to discuss vector products, 

orientation, and rotations in E. in a manner similar to that discussed 
12 . 3 

by Wigner for Cartesian 3-space. 

The final step is to set up a Hamiltonian in £
3

, based on the 

quantum-theory Hamiltonian in Cartesian coordinate space. One finds 
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that in fornmlating an invariant definition of the gradient operator, 

~ , .several cases arise as to the type of wave function implied by 

(6-1) 

However, expanding this operator with respect to a basis (Pauli matrices) 

in c3, one finds an additional term 

e 1;. _, ~ 
-- v-. H ' zw.c 

but ~=cf. Returning to:the type of state function implied by~, it 

turns out that for a simple complex-valued nonzero o/ , it follows that· 

H = 0. For H~o,~nmst be either two- or four-component. The four-

component wave function corresponds to the Dirac equation and. the two-

component case is the Lorentz-invariant two-component neutrino equation 

of H. Weyl. 

While.the above method has only been sketched, it is clear that 

its results are somewhat more general than the usual presentation of 

electron spin. In this sense such a derivation gives greater insight 

into the relation between angular momentum and rotational properties of 

eigenfunctions. 

B. The S-State Ion 

The term "S·state ion" arises in the classification of free-ion 

energy levels. The classification scheme is based on the rotational 

properties of the energy eigenfunctions of the Hamiltonian operator ~, 

appropriate to a many-electron ion. ~ may be written as a sum of 

several operators which represent: 

... 

! 
I 

' I 
! 
i 
I 

""' 
_,. 
j 
I 
i 
I . •. r• 

• I 

l 
I 
I 
! 
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(a) The Coulomb interaction of the electrons with the nucleus 

(assumed fixed) and with each other, 

(b) The spin orbit coupling energy '(deduced from the Dirac 

equation), 

~so=~ 
1.. 

e 

where A represents a spherically symmetric potential due to the 
0 

nuclear charge +Z; 

(c) 
. . 13 

The spin-spin ~nteract~on, 

(we neglect orbit-orbit interaction); 

(d) The interaction of the ion's electrons with an external 

magnetic field, 

(7-1) 

(7-2) 

(7-3) 

{7-4) 

(e) The interaction between the magnetic moment of the nucleus 

and the magnetic field set up by the·orbital and spin moments of the 

electron, 

------------------------
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(8-1) 

14 
This famous result also is based on the Dirac electron theory. The 

£ function is nonzero only for s electrons, and for these electrons 

the first term vanishes; 

(f) The electrostatic interactiQn between the electrons and the 

. . h 1 d 1 . . 15 
nucleus, g~v~ng t e nuc ear qua rupo e ~nteract~on 

(8-2) 

d,_\) 
Where Q is the nuclear quadrupole moment,~= 0~, V is the electro-

static potential at the nucleus, and yt is the asymmetry parameter as 

conventionally defined; 

(g) The direct interaction between the nuclear magnetic field 

and an external magnetic field, 

(8-3) 

(h) The interaction between the atomic electrons and the 

(8-4) 

' . .. 

. '" 
i .. 

,'a,< I 
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The well-known forms of the operators were given above for the 

sake of convenience in later discussions. The operator t, representing 

the electron spin angular momentum, occurs, for example, in ~so 

This operator is defined by its effect on the elements of its domain, a 

two-dimensional linear space. The natural basis for this space is 

composed of two elements \d.)) \f-3) , called spinors. Also appearing 
-';> 

in ~so is the ope::rator ~ , representing the electron· s orbital angular 
~ 

momentum. The domain of ..Q. is denumerable, and a natural basis is the 

16 L 
normalized spherical harmonics \LM) ="( M • The zero-order eigen-

functions describing the free ion consist of sums of terms, each of 

which is a product of spinors, spherical harmonics, and radially 

dependent terms. 

It is not possible at present to treat exactly the term :?. e'/r~_ ~ 
' ~l 

ro ' "1.. .I?O in . .n,c. • However, t.: , l~ , S, <; ~ conunute with -d'de rigorously, and the 

quantum states implied by this fact are found in the self-consistent 

17 
field (SCF) approach, which is used to circumvent the Coulomb.inter-

action term. For the ions discussed in this dissertation, it is a good 

approximation that ~c. i.s much larger than the other terms in the full 

Hamiltonian. The SCF method gives eigenstates that correspond to 

electrons moving independently of each other within the restrictions of 

the exclusion principle. These eigenstates are termed configurations, 

in which the individual electron orbits are specified. Finally, 

inclusion of correlation between electrons, and the spin-spin inter-

action, leads to a splitting of the.configurations into term~ specifie~ 

by electron orbits and the total orbital and spin angular momentum, e.g., 
4 3 3+ 5 6 2+ 7 8 

3d F, etc. In particular one has Fe , 3d S; Eu , 4£ S; 
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3+ 7 8 
Cm , 5f S, where we have listed the pertinent term for each config-

'90 ~ ~ uration. Inclusion of 'n~0 destroys the commutation of L and S with 

For this case 
_., ..:::> _, ....., _..,. 

J = L+S = 4 ~.,: + ~ '-'>( 
'- ~ 

commutes with 

~o and the eigenfunctions must be eigenfunctions of J
2 and J ; Huiid's 

z 

rules give the ground levels for the cases mentioned previously: 

3+ 
3d

5 6 2S+I 

Fe 85/2 = L.J ) and L=O is equivalent 
2+ 7 8 to L=s, 

Eu 4f 87/2, 
3+ 7 8 

Cm .5f s7 /2. 

This is the traditional approach to the classification of states. One 

may also give a more concise 

Definition: An S-state ion is an ion with n unpaired electrons whose 

ground-state wave functions under ~ are 
0 

(a) 2n+l-fold degenerate, 

(b) rotationally invarient with respect to its spatial coordinates, 

....;:;, 
for all u..> , and 

(c) a basis for the product spinor space 

The definition is, of course, only a shorthand expression for the impor-

tant properties of an s-state ion. 

C. CrYstal Field and Exchange Effects in Insulators 

In the preceding section explicit forms were introduced for the 

operators representing the energetics of a paramagnetic ion imbedded in 

a crystal lattice. It is generally not feasible to use these operator~ 

' • ,w/11 

. I 

i 
A I" 

o I 

I 
I 
! 
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in a straightforward fashion in order to determine the lowest group of 

electronic states. In addition, the operators discussed do not 

adequately describe the effect of (large) exchange interaction between 

magnetic ions and their nearby surroundings. This section outlines 

the methods used to effect a useful description of such situations. 

1. Electronic Levels in Crystals 

The treatment of energy levels in crystals employs a perturbation 

treatment based on interactions discussed in Section II.B. 

For the iron group the relative strengths of the interactions are 

often 

(other interactions) (11-1) 

Sometimes, however, the low symmetry components of Vcf, are of the 

same magnitude as the spin-orbit interactions, and the treatment is not 

so straightforward as the situation given by Eq. (11-1). 

The rare-earth situation is approximated by 

Vc '>'> Vso >> Vc.~ >> (other interactions) (11-2) 

Here the Coulombic energy of the electrons, Vc , and the spin-orbit 

energy ~so are diagonalized before introducing the crystal field. 

Thus Vc.t is regarded as a perturbation on the free-ion energy levels. 

This situation is also a first approximation of some of the actinides 

(5f electrons). 

Usually only the, ground term of the free ion is involved in the 

perturbation treatment based on above approximations. The result is 

nevertheless sufficiently complex to warrant a more succinct expression 

-----------·-- ---·------------------------------
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with sufficient constants to describe the interactions. of the ion. This 

13 
is the method of a spin Hamiltonian (SH), which basically reflects the 

synnnetry of the ion·' s environment and its magnetic interactions with an 

external field. This is done by equating (2S+l) to the multiplicity of 

the lowest group of electronic levels, and then representing the 

interactions leading to the levels in terms of a function of the com-

ponents of this effective spin S. In principle, the real interaction 

matrix is expanded in terms of a linearly independent set of operator 

matrices based on the effective spin. The number of matrices that 

occur is limited by the symmetry, and the expansion coefficients are 

determined by experiment. We will discuss specific examples of such 

operators in later sections; our theory of the paramagnetic relaxation 

in ferrichrome A is an extreme example of the omnibus use of the 

effective-spin formalism. 

3+ 2+ 3+ 
As given in Section II.B, the ground terms of Fe , Eu , and Cm 

are all spherically synnnetrical. Recalling our definition of an S-state 

ion, we see that the only asymmetry remaining in the ion is -expressed 

in its odd half-integral spin. No interaction expressed solely in 

spatial coordinates may reduce the degeneracy of the ion. The mechanisms 

by which this splitting arises has been the subject of numerous experi-

ments and theoretical discussions. However, the answer is not well 

defin~d, and we will refer to the appropriate proposed mechanisms when 

discussing the spin Hamiltonian describing the electronic levels of the 

ions experimentally investigated. 

2. Exchange Effects 

a. Core polarization. In the discussion thus far, no explicit reference 

. " 

I 
i 
! 
i 

I 
I 
I 
,~. -
f 

t 
In " f .. 



-13-

was made to the Pauli exclusion principle. This principle is evidenced 

by the fact that a relative chartge in the spin directions of two elec-

trons whose wave functions overlap is accompanied by a change in the 

spatial charge distribution in the overlap region. This change is -

accompanied by a change in energy of the system which may be described 

by the phenomenological Hamiltonian, 

In the classical restricted Hartree-Fock calculations based on the 

methods discussed in Section II.B, no adequate account is taken of 

these effects. 18-21 However, it has been shown by several groups 

(13-1) 

that such effects are .. most important in explaining the large internal 

fields observed at nuclei (e.g., Fe, Eu) by Mtlssbauer effect or 

nuclear magnetic resonance experiments. 

The physical picture is quite simple. If an ion possesses a net 

spin S, the exchange interaction for electrons with m of the same sign 
s 

as the total MS is different from that for electrons with opposite sign 

of m . Thus the radial wave functions for "spin-up" core electrons s 

differ from those of "spin-down" core electrons. Calculations based 

on this notion use orbitals with the same n and Q , but allow different 

. 20 
ms to be varied separately. This method is termed the unrestricted 

Hartree-Fock method (UHF), as opposed to the older method of assuming 

paired electron orbitals for core electrons. 

The exchange polarization mechanism may be schematically 

22 
illustrated for s electrons by Fig. 1. 

It is important to notice that since the interaction is due to 
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exchange, interior electrons ((r)< R. ) with m \\ M are drawn out and 
s s 

exterior electrons ((~''>) R. ) with ms antiparallel to Ms are drawn oot 

relative to R. Thus "inner" electrons give a so-called "negative" spin 

density, while outer electrons contri.bute a resultant positive spiri. 

density. (The criterion <~> ~ ~ is, of course, a very rough criterion 

having no exact mathematical meaning.) 

Core s electrons 

Zero spin 
~ density 

I 
I. 

Restricted 
Hartree-Fock 

Unpaired electrons 

Unrestricted 
Hartree-Fock 

Fig. 1. Core Polarization 

j 

The result of this behavior is evidenced by the !-function term 

in 18e~ representing the contact-interaction of s electrons at the · 

.t' 

; 

i 
i 
I 

·J . 
I 

J. 
f>'\ 

i 
( 
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nucleus. The energy shift resulting from this interaction is interpreted 

as a magnetic interaction between the nuclear magnetic moment and an 

effective magnetic field of electronic origin. This effective field may 

be written in nonrelativistic approximation, as 

(15-1) 

for a single unpaired electron. For several core electrons we write 

(15-2) 

Thus it is clear that differences in spin density are immediately 

manifested by the internal field they create at the. nucleus of the'.ion. 

Further discussion of core polarization is deferred until Section IV. c. 

b. Ferromagnetism. In the preceding sections, we discussed the 

implication of exchange interactions between intra-ionic electrons. It 

is also possible to have interionic overlap between ions of spin S, say. 

In this case the Hamiltonian is 

(15-3) 

where the sum is over pairs of nearest neighbors in the crystal lattice.· 

Compounds for which Eq. (15-3) is ·important are usually characterized by 

a "Curie" temperature Tc abovewhich the spins are roughly independent, 

and below which they are strongly coupled to one another, resulting in a 

spontaneous magnetization. (We assume :::r) 0.) The theory of such 

behavior is the theory of a Heisenberg ferromagnet. This theory has been 

highly developed23- 25 for systems of cubic symmetry and zero, or at least 
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quenched, orbital angular momentum. Thus the europium chalcogenides 

(EuO, EuS, EuSe, EuTe), with rock-salt structure, largely ionic 

character, and 8s ground state for Eu2+, are appropriate systems to 

compare with theoretical predictions. 

It is generally assumed and experimentally verified that the 

time-average internal fields found at nuclei in magnetically ordered 

compounds are proportional to the magnetization of the sample. We report 

in later sections the matnitude or temperature dependence or both of such 

fields for several europium compounds. Hence we are interested in the 

temperature dependence of the magnetization of a ferromagnet. The 

general features of the magnetization, M, are described by Weiss-field 
n 

26 theory, which gives 

(16-1) 

wher~ N is the number of magnetic ions per cm3 , g is the Lande g value, 

S the spin of the ion, ~ the Bohr magneton, and Bs the Brillouin 

function defined by 

B (:x.) = 2 S+ l co-\-~ ( (2S+t).X. \ __ . I_ cot~ ( -x. \ 
s 2S 2S j 25 2S) 

and "'!. ::3Sf31\.M/R.T. Here A is the Weiss field constant for the 

ferromagnet and is given in the Weiss field approximation by 

Thus knowing T and S, we may compute A. • Usually it is more convene 

. t 1 1· .. M tv\ h d d ~ent o pot re at~ve magnet~zat~on,---- =--M , versus t ere uce 
)l.l~S B o 

. (16-2) 

(16-3) 

temperature T/Tc. This is accomplished by eliminating.~ between the 

~i 
' .. 
~ 

I -~ . 
1 

I 
! 
I 
I 

I 
I 

I 
I 
! 
i 
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equations 

(17-1) 

This is not possible analytically, so one uses a graphical solution. 
,. . 

For example, Fig. 43 of Section VI.B was obtained in this fashion. 

While the Weiss field theory is quite useful, especially for 

T )1 .. /Z, deviations from its predicted magnetization are usually found 

as \~0. These deviations are described for the most part by 

h 
24,25,27 

spin-wave t eory based on Equ. (15-3), or generalizations to 

include next-nearest-neighbor interactions. Spin lvaves are excitations 

of a solid which are confined to the spin system, and are propagated 

from spin to spin; hence the term "spin wave." They appear in the 

theory as linear combinations of sets of states representing deviations 

of the spins from perfect alignment. 

26 3/2 
Semiclassical arguments lead to the famous Bloch T relation 

for the magnetization, which follows from spin-wave theory. 

M(T) .... ~(o)~- ( 
0
·:;

7J( 2::r)lz.T31
2_ · • ·l > (17-2) 

25 
where the formula refers to fcc lattice symmetry. Dyson has discussed 

I in much detail the theory for general S>"z, and arrives at an expansion 

involving additional powers of T, 

(17~3) 

h T/ "'T" • 28,29 h. w ere 9: 2.11 'c.. • Recently, calculat~ons have been made w ich 

involve the introduction of interactions between pairs of spin-~.,;rave 

modes, or magnons. An iterative procedure is adopted for the computation 
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of the temperature dependence of energy associated with the spin waves. 

In reference 28, Low was calculated the magn~tization of, EuO for in 

this manner. In Section VI. B we compare our experimental data \-7ith 

his result. Further discussion of ferromagnetism will be found in 

that section. 

- . . 

. ' 
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III. THE MOSSBAUER EFFECT 

A. Basic Theory 

Several comprehensive reviews of the phenomenon or recoil-free 

gamma ray emission are readily available in the literature. 30 , 31 The 

following remarks describe those features of the Mossbauer effect OME) 

which apply to the Eu151 and Fe57 experiments described in later sections .. 

The above mentioned nuclei have isomeric levels ab0Ut 20 keV above 

their ground states. When such a nucleus is part of a bulk piece of 

matter, say a crystallite, it is necessary to consider the entire 

environment to which the nucleus is coupled in order to describe 

gamma~ray emission. For quantum-mechanical description one must consider 

the system, [radioactive nucleus + lattice], as indivisible. The 

consequences of this fact may be illustrated by comparing the gamma-ray 

attenuation due to free-atom recoil with the corresponding attenuation 

for the ion in strong interaction with matter: 

a. Free-atom case. Denote the energy lost due to emission of a photon 

of energy Ey, by ER. If~ is the nuclear mass, ER is given-by 

z. 
Ey 

ER= 2M cz. 
N 

b. Nucleus bound in lattice. In this case assume that the entire 

crystallite recoils as a unit. 

mass, the recoil energy is now 

Letting M 
1 

denote the crystallite 
xta 

20 I -18 Since ~tal ~ 10 a u, the ratio ER ER is of the order 10 for 
, 

an atom of atomic weight 100. ER represents a negligible degradation 

(19-1) 

(19-2) . 

------·------------------------------------- ----
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of the photon energy Et, and gamma-ray emission under these conditions 

is termed "recoil-free." Generally, it is also the case that the 

half-width r I 
of the gamma ray satisfies ER<<. rL.< ER. When this is 

true no resonance can occur in case (a), since the emission and absorption 

lines do not overlap. However, when the crystallite recoils as a 

unit the lines do overlap and nuclear resonance (i.e., the Mtlssbauer 

effect) is possible. (For simplicity, Doppler broadening due to thermal 

motion has been neglected.) 

Not all nuclei found in a lattice are expected to emit gamma rays 

with negligible energy attenuation. The theory .underlying the effect 

shows that the fraction of nuclei decaying in a recoil-free fashion is 

given by 

(20-1) 

where lattice quantum number, 

wave vector of emitted radiation, 

~ 
"I- = posit~on vector of emitting nucleus. 

For a crystal characterized by a Debye26 temperature e the matrix 

element may be evaluated to give 

t e;, ~ _ f = ex.p -bR.. [-1 + (T \f ;,c.cb:. J 
\<9 4 e"J e;c..- l 

C> 

(20-2) 

Hence, for some experiments a low temperature is needed to increase 

the recoil-free fraction. We have so far described the situation at 

the source nucleus. However, for the inverse process of recoil-free 

absorption, the same considerations apply. 

In addition to the solid~state considerations, the following are 

important: (a) lifetime ~of the isomeric level, and (b) competing 
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decay processes affecting line width. These effects are reflected in 

the cross section for absorption given by 

(21-1) 

where r = total width of absorption line, 

r¥ gamma-ray width, 

a; maximum reasonance cross section 

zi1 -t I :;.s.'-
= 2~'' , where r

1 
and r

0 
are the spins of the 

2T0 ~ I 

excited and ground states, respectively. 

Effect (b) is goverened by the relation 

(21-2) 

where ex is the internal conversion coefficient, which reflects the 

competing decay mode for the cases discussed below; (a) is important 

because of the uncertainty relation -

(21-3) 

Usually, source and absorber environment are not identical because 

of 

(i) differing Coulorobic energies of source and absorber, 

(ii) interaction of nuclear quadrupole moment (if-present) with 

electric field gradient (if present) at the nucleus, and 

(iii) internal magnetic fields of electronic origin causing a Zeeman 

splitting of the nuclear levels (again, this effect is not · 

always present). 

It is (i) - (iii) which make the ME a useful tool to detect interactions 

between the mutipole moments of the nuclear levels and electric and 
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magnetic fields of electronic origin. Perhaps the simplest o.f these 

interactions is that between the nuclear charge and the electron density 

at the nucleus. If the ground and excited state charge radii, R
0 

and 

R1 , are unequal, the levels experience different electrostatic inter-

actions; a variation in the electron density at the nucleus causes the 

two levels to be shifted by unequal amounts. If a fixed source (i.e., 

reference electron density) is used, one observes a small difference in 

gamma ray energy when the absorber nucleus is in a different electro-

static environment'. To i.llustrate this consider two different electro-

static interactions for compounds A and B. Figure 2 illustrates the idea 

for an isomer shift proportional to the square of the nuclear charge 

radius. 

Isomer 
shift 

I 

Compound A 

~ 

.)AB I 
~AB ':tt-----T--t--"71' 

Compound B. 

Nuclear radius 

Fig. 2 Illustration of the isomer shift. 

Let EA be the difference in energy between ground and excited state 

...... 

-; .. 
I 
! 
' 

.· 
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in compound A. Then, if 

one has 
E:e = (E,+ ~~6)- (Eo+ $~13) 

= (E,-Eo) + (~~B-~;sl 
= EA +~E) 

where ~ E is the isomer~shift. This elementary discussion verifies 

that when R
1 

and R
0 

are equal, the isomer shift vanishes. It is also 

clear that although the shift depends on both nuclear and electronic 

properties, the nuclear parameter ( ~ R = R
1 

R ) remains constant in 
0 

the ME while the electron density may vary with environment. 

Several quantitative treatments of the isomer shift have been 

. 32-34 
g~ven. A perturbation calcplation based on the difference between 

the potential for a uniform charge distribution within the nucleus and 

the potential produced by a point nucleus leads to the result 

(23-1) 

The sums are taken over electron density in source and absorber, and 

R0 is the nuclear radius. The equation is accurate for light elements, 

34 
but correction factors, due to relativistic effects, of up to 10 are 

needed for heavy elements. For example, this formula will be used in 

the discussion of isomer shifts in eur?pium compounds, and a correction 

factor of 2 is appropriate. The units of 6E in Eq. (23-1) are em/sec; 

these arise in a natural fashion, since the isomer shift represents 

small energy differences and it is convenient to add or substract a 

small amount of the source gamma ray by relative motion of the absorber. 

The (Doppler) shift in gamma-ray energy is 
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(24-1) 

and for most experimental conditions velocities of the order of em/sec 

and less are sufficient. 

In addition to the electrostatic interaction, the mag~etic dipole 

moment of the nucleus may interact with magnetic fields of electronic 

origin and the electric quadruple moment with electric field gradients. 

Treatmen~ of the nuclear Zeeman effect or the nuclear quadrupole inter-

action are somewhat similar, and a discussion of the former indicates the 

general procedure. Since spectroscopic determination of a hyperrine 

pattern consists basically of (relati"(e) intensity and line position 

measurements, the discussion consists of .two parts: first, use of 

angular momentum theory to determine relative intensities, and second, 

determination of the relative line positions which (for the Zeeman effect) 

depend on the ratio of the nuclear g factors for the ground and excited 

levels. 

Consider a nucleus with ground-and excited-state spins of 1/2 and 

3/2 respectively. Associated with these angular moments are the nuclear 

--7 --'> ""'""" ~ moments JA~>"""S f3Nio and ,P,-=9(3 .• T, , where f3FJ is the nuclear magneton 
0. I N 

a are the nuclear g factors for the respective levels. ,J' In 

the presence of magnetic field H the four-fold degeneracy of the excited 

state and the two-fold degeneracy of the ground state is lifted. Thus 

a total of 2x4 = 8 possible transitions exist; which are experimentally 

observed, depends on the type of radiation emitted and the angle 

between the observer and the direction of H. Often the radiation is 

magnetic dipole OMl). In this case, perturba~ion theory based on an 

.. . .. 
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interaction Hamiltonian that couples nuclear and field variables, 

shows the part of the Hamiltonian operating on nuclear variables to be 

(1) 
a first rank tensor, say T . For Yelative intensities ~ve neglect the 

field states, and the Wigner-Eckert theorem gives 

unless m{-mo~~=o,.,u and jr0-lj~I?Ir0+1\. The latter triangle condition 

is trivially satisfied for our case, and the other magnetic dipole 

selection rules imply only six of eight possible transitions are 

allowed. These transitions are indicated in Fig. 9b. The relative 

intensities may be computed by using 3-j symbols and the transformation 

properties of T(l). They are35 

I
1
= Ic.. = 3(( + cos,_GI)J 

I'2.::..J:s= 4(SIV\\~)) 

'1.. 

o.~d I'?>= I 4 ::: \ +- c.os e. 

We are interested in measurements employing polycrystalline absorbers 

which correspond to randomly oriented internal fields. The relative 

intensities in the case are 3:2:1:2:3; these are obtained by averaging 

the intensities at 
0 e = 0 (3:0:1:1:0:3) and e =71./2 (3:4:1:1:4:3) 

over all angles. 

To determine the relative spacing of the lines it is necessary to 

~onsid0r tha ground-and excited-stat~ Hamiltonians describing the 

Zeeman effect. In Fig. 9a let C denote the energy difference between 

excited and ground states. Application of If perturbs both levels, and 

for the excited state we may write 
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(26-1) 

and for the ground state, 
-"'> _.., ~.....:;, 

~-::::. -_,.uc· H-= -a /1.. T"'· 1-t. (26-2) 
o Jo f""'I\J 

-=> 
Since j3Nand Hare constants they may be taken as unity; the axis of 

.....:;. ---';> 

quantization will be taken along H, i.e.,~\\~ Thus 

(26-3) 

~ 
1 

and ~ 
0 

are diagonal and the energy levels are 

) (26-4) 

The allowed transitions are 

(2 6-5) 

Clearly C is an additive constant and may be discarded. Furthermore, 

energy units are unimportant for the discussion and so finally we write 

Thus the relative positions depend only on the ratio ex~~~~~· It is 

most useful to plot F (m1 ,m0) versus ol for -l~o<~ \ , and F (m
1 

,m
0
)/- C( 

-\ -l 
versus o<. for -\ ~o<. ~ \ This leads to the g-factor diagram shown 

in Fig. 3. The relative intensities are indicated for random 

orientation, and comparison of experimental data with this curve 

allows one to immediately read off the g-factor ratio. For example, 

if three equally spaced and equally intense lines are observed,ot=l; 

five equally spaced lines with intensities 3:2:2:2:3 implye(=-1, etc. 
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Fig. 3 g factor diagram 

MU-34534 
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57 
The discussion actually applies to Fe with o<.. = -0.572, and six lines 

are observed with intensities 3:2:1:1:2:3. 

The method described above is used in Section VI. C in the dis-

cussion of the europium experiments. In this case I = 5/2, and I = 
0 1 

7/2, and the situation is thus a little more complicated. 

When H = 0, but axially symmetric electric field gradients (EFGs) 

are present to inter.act with non-zero nuclear quadrupole moments, a 

similar analysis may be employed. Relative intensities for the Ml 

transition are easily worked out, and the Hamiltonian is now of the 

form 

when 1."> ~ , and zero otherwise. Hence a P-factor diagram may be 

drawn. For non-axially symmetric EFG the situation is not simple a~d 

a more complex analysis is implied. These remarks also hold when both 

magnetic fields and EFG are present and the nuclear properties of the 

excited state are unknown. In these cases one may diagonalize the 

Hamiltonian for ground and excited states and compute F's which now are 

functions of P and yt, the asymmetric parameter, in addition toOl. 

B. Experimental Technique 

1. Apparatus 

The arrangement employed in these experiments as shown in block 

speaker-type "drive~coil" arrangement consisting of a solenoid and 

permanent magnet. Carefully controlled excitation of the coil produced 

the desired absorber motion. Also attached to the drive coil was a 

magnetic rod which was centered in a 
. 36 

6LVSN velocity transducer co~l . 

..... 

• 
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Fig. 4 Block diagram of M~ssbauer apparatus 
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The latter's voltage output was directly proportional to the velocity 

of the absorber and drive coil. The drive coil, magnetic core, and 

absorber were carefully positioned by speaker cone spiders to approxi-

mate frictionless motion and smooth velocity variations. The components 

just mentioned were contained in a unit collectively referred to as the 

"drive capsule", which is shown, disassembled, in Fig. 5. 

The radiation detect·or consisted of (a) a well-type Nai crystal 

on a Dumont 6292 photomultiplier tube, or (b) a-2-mm Nai scintillation 

counter mounted on an Amperex XP1010 photomultiplier tube; In both 

cases the requirements were optimum resolution and counting rate. The 

151 37 
advantages of (a) fo~ Eu have been discussed by Shirley et al In 

case (b) the XP1010 tube appearedto be the best photomultiplier tube 

available for resolution of lG>w-energy gamma rays. At 5.9 keV, this 

type had a resolution of ~ 50%. 

A linear amplifier system incorporating a single-channel analyzer 

(SCA) was used to analyze the photomultiplier pulses. The window of 

the SCA window was set on the desired resonant gamma ray; the logic 

pulses from the SCA were applied to the voltage modulator. In the 

voltage modulator the logic pulses triggered a blocking oscillator to 

produce large-amplitude pulses. The latter were then clipped by the 

amplified transducer output voltage. Finally, the clipped pulses were 

fed to a multichannel analyzer whose display recorded count rate versus 

channels, i.e., pulse height. The pulse height was related to the 

absorber velocity by a constant that was determined by calibrating the , 

57 
system with a known Fe absorption pattern. 

The drive capsule was operated at temperatures from 2.0 to 300°K. 

I . .. 
f 
l 
i 

:· 
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Fig. 5 MBssbauer drive capsule 
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r The low temperatures were obtained by placing the capsule in a specially 

designed three-wall helium Dewar and, if desired, pumping on helium to 

0 obtain temperatures below 4.2 K. In Fig. 6, the aluminum Dewar system 

is shown. Hanging nearby is the assembled drive capsule attached to a 

stainless steel tube and flange arrangement which allowed (the capsule 

to be inserted into the Dewar system without warming up the latter. 

Above and to the left of the Dewar system may be seen the vacuum 

manifold used for pumping on the helium in the aluminum Dewar. 

2. Sources· 

57 
a. Fe ..:o..;;....,--

57 
A single line source of Fe was obtained from Nuclear Science 

and Engineering Company. It consisted of 240-d co57 diffused into a 

small area of a type 304 stainless steel disc. 
151 

b • -=E~u;...._........;. 
. 151. 

The first excited state of Eu is populated by decay of 

151 
150-d Gd • The latter was prepared by a (p, V\ ) reaction on enriched 

f51 . 
Eu oxide (obtained from Nuclear Science and Engineering Company and 

Oak Ridge National Laboratory), and later separated by ion-exchange 

techniques. The preparation of the source consisted of careful 

151 153 
coprecipitation of mass-free Gd with Eu

2
o

3 
enriched in Eu to 

minimize self-~bsorption. 

3. Absorbers. 

In all experiments, the absorber material was housed in Lucite 

"absorber holders" as shown.in Fig. 7. These holders are quite success-

ful in restraining the absorber volume to the geometry of a thin disk. 

The material is placed in the bottom·of the holder and then a pressure 

plate is pressed on top of the material, forcing it into a thin layer 

of surface area 2.0 cm
2

. The absorber thickness in g/cm
2 

for the europium 
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ZN-4407 

Fig. 6 M8ssbauer cryostat and drive system 
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ZN-4366 

Fig. 7 Lucite absorber holder 
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experiments was based on the results of reference 37. For the 

ferrichrome experiments, the naturally occurring iron in these 

57 
compounds was replaced by iron enriched to 90% in Fe The absorber 

2 
thickness for the "thick" absorbers was 42 mg/cm of ferrichrome A;the 

2 
"thin" absorber thickness was 8 mg/cm . The ferrichrome absorber 

2 
thickness was 35 mg/cm . 

. 57 
We will consider those properties of Fe which are necessary for 

an understanding of the nuclear Zeeman effect in this nucleus, as 

57 
evidenced by Mtlssbauer experiments. The decay scheme for Co and the 

known excited stated of Fe57 are shown in Fig. 8. The resonant 

transition is well~known 14.4 keV gamma ray from the first excited 

state. The ground;..state moment has been measured and found to be 

t0.090 nm
38

, and the excited-state moment determined as -0.155 nm
35 

The quadrupole moment of the excited state has not been directly 

measured; however, a recent discussion by Ingalls gives the value as 

+ 639 \ 0.29- 0.2 , and we shall take eG~\=0.~ o. The ground-state spin 

of 1/2 implies a vanishing quadrupole moment for this level. 

57 
·· When the Fe nucleus is in a field H, the level splittings are 

as shown in Fig. 9b. The addition of an axially symmetric electric 

field gradient is given in Fig. 9c; removal of axial symmetry is shown 

in Fig. 9d. If we assume that the magnetic field H lies along one of 

the principal axes of the EFG tensor, the sublevels of the isomeric 

state may be described by the Hamiltonian 

(35-1) 
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Fig. 8 Decay of Co57 
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Determination of parameters in the equation follows from a straight 

forward analysis of the observed absorption lines. 

When the magnetic field is not parallel to one of the EFG axes 

the situation is immediately more complex. The simple Hamiltonian 

given above is no longer correct, and an elaborate computation is 

implied in order to fit the levels. Fortunately, we have been able 

to fit the levels observed by using Eq. (35-1). 

Also given in Fig. 9 are the relative intensities for the pure 

Zeeman interaction. They are 3:2:1:1:2:3, assuming a random distribu-

tion of orientations for the crystallites. The selection rules, A'M.r= oJ :t l.~ 

are implied by the character of the transition, i.e., magnetic dipole. 

When a non-axially-symmetric quadrupole interaction is present, these 

selection rules still hold, but the wave functions describing the levels 

are no longer pure angular-momentum eigenfunctions. So-called forbidden 

transitions are now. possible, as shown in Fig. 19. 

In the following experiments, we shall be concerned with a 

situation described by Eq. (35-1) at low temperatures .. However, as the 

temperature is raised, the field H and the field gradient eq undergo 

random fluctuations. In this region Eq. (35-1) is no ionger accurate, 

and a different analysis is required (cf. Section V.C). 
151 

D. Nuclear Zeeman Effect in Eu 

151 
The isomeric level of Eu useful for M~ssbauer experiments is 

populated by the electron-capture decay of 150-d Gd 151 . The decay of 
151 

Gd is somewhat complicated, and in Fig. 10 we show only the pertinent 

levels for the MBssbauer effect. A complete decay scheme may be found 

in reference 40; a half-life measurement for the isomeric level is given 
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Fig. 9 Effect of combined magnetic and electric 
fields on the two low levels of Fe57 
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in reference 41. 

As mentioned earlier; the source used in these experiments is 
151 

Eu
2 

0
3

. This results in a single unsplit line of line width 0.23 ~ 0.02 - . 
em/sec. The single line of the sesquioxide source is implied by the . . 
7 3+ 
F atomic configuration of Eu 

0 
Since the lowest level is character-

ized by J = 0, there is no resultant electronic moment to produce a 

field at the nucleus. 

2+ . 8 I On the other hand, Eu has ground level s
712 

and so J = 7 2. As 

discussed in Section II.C, this may give rise to an internal field at 

~1 u 
the Eu nucleus. Core polarization does exist in Eu , and this 

internal field removes the degeneracy of the nuclear levels. 

. 42,43 
Previous Mossbauer exper~ments . have shovm the ratio of excited-

to ground-state nuclear g factors to be 
43 

~\ -
<jo 

+o. 53o ± o,ool (39-1) 

44 
Since the ground-state moment is known (+3.419mn) , this immediately 

allows us to derive a magnetic field from observed splittings of the 

Mossbauer pattern. The situation is shown in Fig. 11, where the 

relative spacings of the nuclear levels in the presence of a magnetic 

field are shown. Also shown in this figure are the relative line 

positions and intensities for the Ml transitions for a polycrystalline 

absorber. Fi~. 38 shoW's. the variation in line positions over a range 

of g-factor ratios, and we have computed 143 different spectra for 

various combinations of g-factor ratio and li~ewidth. This analysis 

was done by computer and consisted of adding intensities for the 18 

allov7ed transitions. In Section VI-B we comment again on these 
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Fig. 10 The isomeric levels of Eul5l discussed in the text 
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Fig. ll Nuclear Zeeman effect in Eu151 
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computations. Fig. 12 shows a typical absorption pattern to be 

compared with experiment. 

In conclusion, we note that no measurable quadrupole effects have 

been observed in the compounds to be discussed. This is consistent .. 
. h b. 1 . d h f h 2+ . w~th t e cu ~c att~ce sites an S-state c aracter o t e Eu Lons. 

Both of these considerations imply a minimal EFG at the nucleus. 

IV. ELECTRON SPIN RESONANCE 

A. Basic Theory 

Paramagnetism occurs·whenever an ion posses a nonvanishing 

resultant magnetic moment'·of electronic origin. (Of course, 

. paramagnetism is not restricted to ions, but oniy this case is treated 

in the following discussion.) The (unpaired) electrons result in non-

vanishing orbital or spin angular momentum (or both) for the :Lon. 

With any angular momentum is coupled a magnetic moment; hence in the 

presence of a magnetic field H, the interaction is 

(42-1) 

where gL is the Lande free-ion g value and J the total ionic angular 

momentum. 

Paramagnetic resonance is concerned with the investigation of the 

energy levels arising from.the interaction (42-1) together with crystal 

field effects. In particular, the energy levels induced by the external 

field (Zeema~ effect) depend in kind and number on the ionic environ-

ment. It this environment is known, atomic and crystal field theory 

describe,s the paramagnetism of the ions. to a degree which allows one to 

·-
' 
' 

l 
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Fig. 12 Theoretical M~ssbauer absorption pattern 
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predict and interpret the various parameters determined by experiment. 

To this end the formalism of a "spin Hamiltonian" discussed in Section 

II.C has been applied with great success. We are concerned with an 

effective spin S whose origin is the orbital or spin angular momentUm 

(or both) of the ion in question •. This effective-spin formalism 

describes the interaction of the lowest group of electronic levels with 

the crystalline environment and the external field H . 
. 0 

The interaction of an S-state ion with its environment is expected 

to be small. However, the spin Hamiltonian for this case must also 

reflect the dominant crystalline symmetry at the paramagnetic site. For 

example, for Eu
2+ or Gd3+ 4f7 8s in C symmetry the appropriate 

' . 7/2' 3h 

Hamiltonian is 

m 
where the first term represents the Zeeman interaction, the Bn are 

experimentally determined parameters, and the Pro are operator equivalents 
, n 

or basis operators expressed as function of the components of the 

effective spin operator (S = 7/2). These operator equivalents represent 

the crystal-field potential at the rare earth site in lanthanum ethyl-

sulfate crystals. They are, explicitly, 

. (44-2) 

p:-= 231 <;~- 105' $~ [3s$('Stl) -7-] + S~ [\oS S"l..(Sti)'I.-~ZS(~/~·+'2.9 ti]. 
3 '"?. "l. . 'l. 

- 6 S ('3+1 J + lfO S (S-Tl)- 60S (~4-l'b 

:. ~' 

! ,. ~ . 
I 
i 
!-' . 
! 
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l<'or double nitrate crystals, or c3v symmetry, we must add two more 

operators: 

The suggestive notation for the Pm is, of course, not accidental, as 
n 

they have the same rotational properties as the spherical harmonics ym 
n 

occurring in the expansion of the crystal'field in 'terms of orthogonal 

polynomials. 
3+ 

For Gd the effective spin is also 7/2, g = 1.991, and 

m 
the Bn depend on the type of crystal. 

3+ 3d5 6 In the case of Fe , , s
512

, a spin Hamiltonian of wide 

application is 

..::;:. -=:> 

~-= ~ \-\·~·~ +'D(S~-~SG>+t))+E(~~-'SsJ (45-2) 

Again the first term represents the Zeeman splitting, while the second 

and third terms relate to zero.field (H0 = 0) Stark splitting. The 

3+ 
effective spin for Fe is 5/2 = J. 

The resonance phenomenon is observed by inducing magnetic dipole 

transitions ( 4\v,3 -= oJ± l) between the levels implied by Hamiltonians 

similar to those discussed above. Standard perturbation theory gives 

(45-3) 

is the magnetic field associated 

with the radiation inducing the transitions; fCY) is the density of 

states in the range . .Y to Y+Jv ;(1-v) is a function of 

(i) the rate of energy exchange between lattice and spin 

system, i.e., spin-lattice relaxation timeT , 
1 

-·-· ---~----~==--~-~-~---~--------------------· 
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(ii) the rate of energy exchange between spins within the 

spin system, i.e., the spin-spin relaxation time T2 , and 

(iii) the frequency of the radiation field. 

Usually, single-crystal resonance work involves crystals which are 

dilute with respect to the paramagnetic ions. This is done to increase 
. ' 

the spin-spin relaxation time T2 , which is typically, in concentrated 

-10 crystals, 10 sec. If the microwave frequency is 10 Gc, this implies 

very little net absorption of power; hence the resonance lines broaden 

or vanish. The spin-lattice relaxation time, T
1

, is a measure of the 

rate at which energy in ~he spin system is transmitted to the lattice 

to appear in the form of phonons. The interaction determining this 

transfer is largely due to fields arising for thermal modulation of 

the ion's crystalline environment. In Section V.C we take up the 

subject of relaxation in greater detail. For a complete discussion of 

45-47 
ESR one is referred to several excellent reviews of the field. 

B. Electron Spin Resonance --Experimental 

The techniques of microwave spectroscopy as applied to electron 

spin resonance are by now quite well known. Our magnetic resonance 

experiments employed a conventional superheterodyne spectrometer shown 

. 48 
in Fig. 13 operating at 3 em wavelength. A block diagram of the 

apparatus is shown in Fig. 14. 

Microwave radiation \vas routed from a stabilized signal klystron 

(LFE 814-X-21) to arm 1 of a magic-T bridge, and from there to a 

reflection type cavity, in arm 2; containing the sample. The resonant 

cavity was placed in the center of the large external magnetic field, 

H
0

. Power reflected from the cavity was fed from arm 4 to a balanced 

. ., 

. .. 
I 
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ZN-4367 

Fig. 13 Microwave spectrometer 
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Field modulatio·n coils 

Reference 
asci I later 

MU-34539 

Block diagram of microwave spectrometer 
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mixer-preamp (LEL XBH-3), which also received power from a stablized 

local-oscillator klystron operating at a frequency 60 Me removed from 

the signal klystron frequency. Arm 3 of the bridge contained a pre-

cision attenuator and a phase shifter in order to match arm 2. When 

arms 2 and 3 were matched, negligible power was fed into arm 4, i.e., 

to the balanced mixer. Thus arm 3 acted as the bridge-balancing 

element of the circuit. As indicated in the diagram, the klystrons were 

protected by.isolators from power reflected back from the circuit. 

The cavity arm of the bridge also contained a variable coupling 

device
49 

consisting of a.section of waveguide narrowed to below cutoff 

for 3-cm radiation. At the end of this narrowed section was an iris 

coupling hole and the cavity. A Teflon slug which allowed 3-cm radia-

tion to propagate in the narrow section moved up and down in the latter 

to vary the coupling into the cavity. This coupling method worked 
. 0 

satisfactorily at temperatures to 1 K. 

3+ 
A photograph of the c~vity type used for Cm experiments is shown 

in Fig. 15. The worm and spur gear drive allowed the sample. to be 

rotated about a-.horizontal axis. The reason for this is as follows. 

For magnetically an~sotropic crystals, the measured g value depends on 

the relative angle between external magnetic field and the magnetic 

axis of the ion in the crystalline lattice. The simplest spin Hamiltonian 

to describe this situation for axially symmetric crystals is 

(49-1) 

It is easy to see that with this Hamiltonian it is always possible to 

measure g.l.. On the other hand, the c axis of the crystal must lie in 

the horizontal plane to allo;:v <j to be measured directly by experiment. 
\\ 

.! 
i 

i 
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ZN-4364 

Fig. 15a. Cavity used for crystal rotation 
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Fig. 15b. Cavity used for crystal rotation 
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This is because H is horizontal (but may be rotated about a vertical 

axis through the pole tips). The purpose of the rotating sample plat-

·form, then, i.s to allow a direct determination of g
11 
during the 

experiments at, say; 1°K by simply rotating the sample in situ. The 

rectangular cavity was a TE
012 

cavity. For polycrystalline samples, 

rotation is not important, and a cylindrical TE cavity was used for 
112 

the ferrichrome A experiments. 

Detection of the resonance was observed by feeding the video output 

of the I.F. amplifier to a phase-sensitive detector which was tuned to 

the frequency and a phase of the field modulation or "sweep" coils. For 

sensitivity considerations the lp.tter modulation was adjusted in amplitude 

to less than the half-width of the resonance line. This results in a 

derivative signal (of a Lorentz absorption shape) which was displayed on 

a strip chart recorder. 

The magnetic field was measured by a rotating-coil gausemeter 

(George Associates Model 203A) that was periodically calibrated by 

proton resonance. The micrO'tv-ave frequency was measured with· a high-Q 

commercial wavemeter. As indicated above, most of the experiments were 

performed at liquid helium temperature. Standard cryogenic techniques 

were employed to construct a Dewar system to house the microwave probe 

and resonant cavity. 

I 
r ~ ~ 
I 

! 
I 
I 
i_. 
i • 
! 

! 
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V. IRON EXPERIMENTS 

A. MBssbauer Effect in Ferrichrome and Ferrichrome A 

A principal interest in the investigation of ph~siochemical systems 

by nuclear resonance lies in the possibility of determining valence 

states of the ion on the basis of isomer shifts. While the M5ssbauer 

effect is by no means completely unambiguous in this respect, it may 

often yield data which are a good measure of the electronic state of 

the atom. In addition, certain iron-organic systems contain the metal 

ion in sufficiently dilute concentration as to preclude exchange and 

large spin-spin interaction. The absence of the latter interaction can 

allow line broadening due to spin-lattice relaxation, which may make 

the assignment of valence states less immediate than is sometimes the 

case. 

The following investigations of Fe in ferrichrome A (FA) illus-

trate the considerable effect which relaxation effects may produce on 

the M5ssbauer spectrum. Such effects are absent in inorganic compounds 

with higher iron concentration, unless one has specifically dispersed 

50 
the iron ions by dilution with diamagnetic elements . Thus the 

experiments described below, using F and FA, constitute the first 

nuclear resonance study of relaxation behavior in naturally occurring 

iron compounds. Since the results were similar in F and FA, we 

restrict our attention at this time to the FA experiments. 

The structural formula of FA is shown in Fig. 16; the absolute 

configuration around the iron atom is given in Fig. 17. Figures 16 

51 
and ll were constructed from crystallographic data obtained after 

our experiments were performed. Anticipating later results, we mention 
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MUB-2917 

Fig. 16 Structural formula of ferrichrome A 



-54-

Left-handed Co-ordination 

Propeller About Fe In Ferrichrome-A 

MUB-2916 

Fig. 17 Absolute configuration about Fe3+ in FA. 
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that both the M~ssbauer results (isomer shifts) and the crystallo-

graphic information verified the valence of iron in FA as tripositive. 
52 

This had previously been well established by chemical methods. 
0 

Experiments were performed at 2.5, 4.5, 77, and 300 K using a 

single line source of co57 diffused in stainless steel, and a FA 

57 
absorber containing iron enriched to 90% in Fe The results are 

shown in Fig. 18, which displays relative count rate versus absorber 

velocity at the four temperatures. The convention is that positive 

velocity corresponds to absorber motion toward the stationary source • 

. At room temperature, a single broad line of half-·width p of 

+ 0.38 - 0.02 em/sec was observed. Although this width precludes con-

siderations of quadrupole splitting, an isomer shift of ~0.02 em/sec 

3+ 33,34 
may be estimated; this shift is characteristic of Fe As the 

temperature is lowered, a continuous change in line shape occurs, and 

at the lowest temperature the pattern consists of six broad hyperfine 

lines. 
0 

In addition to the spectra shown, the behavior from 2.5 K to 

0 
80 K was followed as a function of temperature. These results 

explicitly exhibited the smooth variation of line shape with tempera-

ture implied by the data of Fig. 18. In order to better resolve the 

0 
spectrum, a "thin" absorber was used at 2.5 K. This removes the 

possibility of saturating the resonance lines and producing unneces-

sarily broad absorption lines. 

The change in line shape is undoubtedly due to electronic re-

laxation, and shmvs that at low temperatures an effective internal 

field due to paramagnetic electrons has been established. To analyze 

this hyperfine interaction, we assume the internal magnetic field to 

···· .. 
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Fig. 18 M8ssbauer effect in ferrichrome A. 
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be parallel to orte of the principal axes of the electric field gradient. 

57 
The Hamiltonian for the first excited state in Fe is then written 

<?7-1) 

where g
1 

= +0.1032 andeQ= 0.3 b. The electric field gradient along the 

z·axis is eq, and is the asymmetry parameter conventionally defined as 

(57-2)' 

With this operator, the eigenvalues may be easily determined: 

--7 
"1.--=»o 

(57-3) 

We have defined G = \ ~~ ~~H / , and P=e'l..'IQ The eigenvalues are also 

linearly ordered, )\. 1 ~/tl..~A~~/I.'t. Their asymptotic eigenfunctions are 

given to the right above. From these equations it is trivial to deduce 

G; P andY(_ are functions of differences betv1een observed line positions. 

If 

(57-4) 

then 
(57-5) 

and 
(57-6) 

In Fig. 19, we show the excited-state levels implied by Eq. (57-1) 
. ) 
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Table I. Line positions for ferrichrome A. 

Transition Observed position Calculated position 
(em/sec) (em/sec) 

1 
2 
3 
4 
5 
6 
7 
8 

-0.745 
-0.457 
-0.086 

+0.124 . 
tO. 502 
+0. 947 

12345678 

-0.747 
-0.456 
-0.086 
+0.360 
-0.157 
+0.125 
+0.504 
+0.946 

041+312> +b41-l /2 > 

031+1/2 > + b31-3/2> 

o11-3/2>+b11+1/2 > 

I +1/2 > 

MU-34540 

Fig. 19 Nuclear energy levels of Fe57 in ferrichrome A. 

.. 
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together with the ground-state Zeeman levels. Also shovm are the 

various possible transitrons 1, 2, ... 8. In Table I are listed the 

observed and calculated line positions for the transitions. A total 

of 11 different experiments was performed at temperatures at or below 

0 
4.5 K, and the results suitably averaged to arrive at the line 

positions given. 

In order to fit the Hamiltonian parameters it was necessary to 

choose ~:/:0. Thus transitions 3 and 6 are allowed. However, they were 

not observed during ·experiments. This is a result of the excited-state 

Hamiltonian being nearly diagonal, as shown in Table II. In the 

notation of Fig. 19,b.~o and the transition probabilities (squares of 
l 

off diagonal elements \~Ll~< I) are much too small to be observed. 
l,i 

As mentioned above,\~ o in fact,'(_= 2.19 for Eq. (57-1). This 

implies that the principal axis of the electric field gradient tensor 

is not parallel to the z axis to which~ is referred. It is customary 

to rotate the system so that l~/61. A rotation of ~/2 is sufficient, 

and we find 

I 3-"i... 
~ '::: . 

-(~+I) 

(59-1) 

Hence from our measurements we obtain 
I - 1=?-

\j'i.:e = 3.88 '/..IO vol+s /e. w. \ 

yt_t -:= - o. ZS'l( 
. (59-2). 

vfuere the prime indicates the corresponding parameters in~ when it 

is referred to a coordinate system whose :e axis is collinear with the 

principal axis of the EFG. 
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Table II Comparison of energies and diagonal entries - FA. 

Observed energies 

~= 0.593 
A3= 0.149 
.h=-0 .229 
.A,=-0.513 

Diagonal elements 

Jflw= o .587 
1-'),,3 = 0 . 145 
~1. ... =-0. 221 
~~~ =-0.511 

Table III Typical internal fields - Fe3+ ion. 

Compound Ordering )Hint! \~z>\ 
-------- --------
Fe2o3 Antiferro- 515 kOe tv5/2 

magnetic 
Yttrium Iron Garnet 

site a Ferrimagnetic 460 II 

site d II 540 II 

Table IV Internal fields of Fe3+ doped corundum. 

Electronic level , 
-----------.-----

. - l~5/2) -
\::!:3/2) 
\-r.l/2) 

\Hint! 

·550 k6e 
330 

0 
110 

\<sz>l 
- 5/2-

3/2 
0 

1/2 

0 
T( K) 
-----
4.2 

85 

II 

.. 



. -

-61-

The most important datum to be derived from the above analysis is 

the internal field at the nucleus in paramagnetic iron. The ground-

state splitting deduced from Table I is 0.586 em/sec. This implies an 

internal field of 495 kOe. In addition to this measurement, .the excited-

state splitting allows an essentially independent determination of the 

parameter. From the isomeric level we obtain a value of 535 kOe. Thus 

+ we quote the magnitude of the internal field as 515-25 kOe. 

The ±s% accuracy in the field determination is somewhat less precise 

57 
than is usual for Fe measurements. However, the value is quite accept-

able in view of the nature of the spectrum from which it was derived. 

The middle two a~sorption lines are not completely resolved, and the 

determinations of P, G, and yt are quite sensitive to the spacing of 

these lines. Also the assumptions in Eq. (57-1) may not be completely 

correct. There is no.§_ priori reason to expect the net internal field 

to be collinear with one of the axes of the electric field gradient 

system. On the other hand, no exceptions to this situation have been 

reported; the agreement with the experimental data implies that the 

deviation, if present, is small. Finally, the width of even the re-

solved lines also restricts the accuracy of the internal field measure-

ment. Furthermore, the theoretical interpretation of. the data in no 

way depends on an accuracy greater than that obtained. 

in other iron compounds in order to gain some insight into their origin. 

In Table II are listed some typical measurements involving magnetically 

ordered materials. These results indicate that fields of the order of 

500 kOe are normally associated with an electronic state which is nearly 
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an eigenstate of S
2 

with eigenvalue ±s/2. Recently, an interesting 

50 
experiment was reported using Fe57 -doped corundum (Al203) crystals. 

The internal fields in this case are easily attributed to the well-known 

electronic level system. For completeness ·we quote Wertheim Is results 

in Table IV. These data show the effectiveness of different levels in 

producing core polarization. 

The results presented above refer to FA. Our F results were quite 

similar except that at each temperature the lines were broader than for 

FA at the same temperature. Fig. 20 shows the data taken at 2.5, 4.5, 

0 
77, and 300 K. The partially resolved hyperfine pattern appeared to 

have the same internal field as in FA, to within experimental error. 

To sunnnarize the results, an absorption pattern has been found 

0 • 
wh~ch changes dramatically with temperature and results, at 2.5 K, ~n 

a hyperfine pattern. The internal field deduced from the low-temperature 

hyperfine measurements implies a·crystal field capable of inducing a 

field of ~ 520 kOe. 

-B. · ·paramagne·tic Resonance~in Ferri-chrome A"' 

In paramagnetic resonance -vmrk, the maximum amount of information 

concerning an ion's electronic state and crystalline environment is 

generally obtained by using a single crystal of the particular material. 

For FA, however, considerable info~tion may be derived from the resonance 

spectra of a poly-crystalline sample. While efforts were made to obtain 

single-crystal spectra, they were not successful because of the diffi-

culty of obtaining molecular crystals that were both reasonably large .. 

and of a coherent crystal structure. In the following we shall describe 

only polycrystalline sample. spectra. 

·-.----:-. .------:--.----·-----
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Fig. 20 MClssbauer effect in ferrichrome 
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At the outsent it was found that the spectra varied somewhat, 

depending on the "batch" of isolated FA. For this reason we used 

exactly the same material as was used for the M!:5ssbauer experiments. 

This material was more than 95% FA and allowed us to eliminate spur1ous 

results. 

About 20 mg of FA was placed in a small quartz tube which was 

placed in the H field along the wall of a TE cavity. Experiments 
112 

0 
were performed at 300, 77, 4.2, and 1 K. The results of the experi-

ments at the several temperatures are shown in Figs. 21 and 22. The 

drawings were reproduced ,from strip chart recordings and plotted so 

that they have a common abscissa. 

In order to refer to the data, we will assume that every line 

arises from.a pair of levels characterized by an effective spin of 1/2. 

Thus in Fig. 21, there is a large line at approximately g = 4.20. 

The curve traced out by the recorder is the first derivative of the 

absorption pattern~ Given a symmetric line shape, the derivative will. 

be s:Ymmetric ·also. The pattern shown,· however, indicates -an· asymmetric 

line shape, since the spectrometer was tuned to detect absorption, with 

negligible dispersive component. Fig. 21 also shows the resonance at 

0 
77 , and again, the same general features are evident. 

0 
At 4.2 K the trace shown in Fig. 22 was taken with small sweep-

field amplitude in order to bring out possible structure on the main 

resonance line. At a g factor of about 8.88 some structure was barely 

visible. The weak line at g = 2.00 is characteristic of iron in many 

environments, and is presumably due to a small amount of Fe3+ impurity 

noticed in other samples. 

' 
I 

t 
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4000 
Field (Oe) 

{a) 

{b) 

Fig. 21 ESR of FA at 300, 77°K. 

8000 

MU-34542 
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MU-34543 

Fig. 22 ESR of FA at 4.2, l.0°K 
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At l.0°K tb( line (issumt:t: a much more LtH.cn:st.i.ng shape. As 

indicated in the figure, several new features are evident. Most promi-

nent are the "lines" at g = 9.58, 1.31, and 1.01, which have increased 

in intensity relative to the line at g = 4.40. Above 4000 kOe th~ 

gain was increased by 2 to better display the two high-field lines. 

Also visible is a bulge in the main line at about g = 3.0. 

It must be remembered here that the spectra are due to poly-

crystalline material. The assignment of g values to the various 

features of the curves is not intended as an accurate determination of 

line positions. However, any theoretical interpretation of the data 

in terms of crystal field levels must be able to predict the general 

features of the observed resonance spectra. 

C. Theory of Nuclear and Magnetic Resonance in FA 

In the two preceding sections, we have given experimental results 

for the Mtlssbauer effect and for ESR in FA. The nuclear resonance 

results at low temperatures c1early indicate a large internal field 

due to the lowest electronic level. ESR data show a broad line at 

g = 4.3 with the appearance of several additional resonances at the 

lowest temperatures. Finally, the dramatic change with temperature of 

line shape of the Mtlssbauer resonance clearly indicates a changing 

correlation time for the field at the nucleus. A discussion of this 

behavior divides naturally into two parts. We shall first discuss 
~· 

the ESR and Mtlssbauer results at low temperatures. In particular, we 

must produce a theory which describes the g = 4.3 line and predicts tha 

field at the iron nucleus. Second, we shall discuss the relaxation 

behavior within the framework of this theory. 

_ .... - •••••• ;,.,,,_---, •.••.•.. -•... •. ·""'""'" ..,.,..,.,..,..,,..,.,..,......,.,.,_ .• ._,., ... --·.--- ·-< ----·-··· •.•. 

. 11:-;r,.;~o 
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1. Crystal Field Effects 

3+ 
The observation of a line at g = 4.3 is not unique to Fe in FA. 

Measurements have been reported which give this result for iron in 

. 53-56 several env~ronments. The interpretation of these results is 

53 
generally based on a model proposed by Castner et al., hereafter 

referred to as CNHS, to explain the paramagnetic resonance of iron in 

glass. The latter consisted of arguments, which we give below, leading 

1 f f . . f 3+ to a genera orm or a sp~n Hamilton~an or Fe By a special choice 

of the parameters in the SH the g = 4.3 results are easily explained. 

We have given somewhat more general consideration to the problem and 

will refer to the CNHS result as a special case. 

Observation~in any compound of a line at g = 4.3 due to iron is 

clear evidence for lack of symmetry and strong fields at the ion site. 

51 
Indeed, for FA, the later crystallographic data gave direct confirm-

ation of low symmetry. This suggestsas a good approximation the 

Hamiltonian 

2 
which includes the low-symmetry crystal field operators Sz and 

2 2 

(68-1) 

(Sx- Sy)· Other higher-order operators are undoubtedly present to 

some extent, but we neglect them at present. 3+ For Fe , the total 

orbital angular momentum is zero, so that we may take for g the Lande 

g value of 2.00. Also J = S = 5/2 for this Hamiltonian. 

\Vhen D, E£2~H, the problem may be done by first-order perturbation 

theory. CNHS point out that the Zeeman levels (S(3liJ3(3H 1 •• •:>-S(SH) are 

then shifted, but the frequency of the Ms=-l/2~Ms=l/2 transition is 

not affected. The absence of a strong g=2 resonance is interpreted as 
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further indication that the crystal field terms are strong. The re-

maining step is to diagonalize the operator 

(69-1) 

within the S = 5/2 manifold. ~o is clearly a function of the ratio 

1\. = E/D, so we may write it as 

(69-2) 

and our eigenvalues will be in units of D. It is easy to see from 

Eq. (69-1) that the operators do not distinguish between l +Sz> 

and l-sz) · Hence the 6-by-6 matrix may be arranged to diagonal block 

form consisting of two identical 3~by-3 matrices, one of which is 

ISA) 1'/-z.) \-% ') 

0 

(69-3) 

.. 
This implies that the spectrum of ~o consists of three doubly degen-

erate eigenvalues. We assume that these levels are widely spaced 

relative to the quantum of microwave energy associated with the Zeeman 

effect, i.e., D or E)/ gf3H =1\\t>, or both. In keeping with our con

vention of page 64 we shall think of each resonance from a pair of 

levels as due to a "different" effective spin S = 1/2. The procedure 

then is to diagonalize ~0 within the J = 5/2 manifold, obtain its 

eigenfunctions, and compute the g values for the three levels on the 

basis of the convention referred to above. 
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( The pairs of eigenfunctions of are obtained by diagonalizi'ng 

Eq. (69-2), and are given in general form by 

+ . 

~:-= Q :.\ ± 5 lz) + b ~ \ :!:- 1/-i..) + c ~ \ + 3/2.) . 
. (?0-1) 

The coefficients, of course, depend on A. Hence for each Aone 

obtains three doubly degenerate levels, and for each level, the g values 

gx, gy' gz. The latter are given explicitly by the formulae 

0. = 2 ~ \::). + 2. f5 0. c . -+ 412 c . 6 ·] c: L '2. 
J:c. (.. ~ l ~ \. ) (70-2) 

In Fig. 23 we have plotted the variation with Aof the g values for the 

three levels. It is sufficient to consider only those values in the 

range o~ /\..~ :§" A choice of coordinate axes limits i\.. to the range 17L \ .= 1/3 .J 

and a convention for the sign of D restricts A. to positive values. This 

may be shown as follows. We write Eq. (69-2) as 

(70-3) 

with A+ B + C = 0. In this way no axis is preferred, and we may choose 

our coordinate system so that \c\~!A-B\ , and also choose B~A. 

Nmv define 

c = 2 DJs , B"='-D/3 +E, o.. ....... d A.,-D/s -E. 
(70-4) 

Then Eq.(70-3) reduces'to Eq. (69-2) and 

/
':I_ E/t - 8-A 
1\..- D - -- O'~"' 

. 3C. ' (70-5) 

The sign of il depends on the sign of D, which we define as positive. 

This convention for D merely means that, for example, when E = 0, the 
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Fig. 23 Variation of g values with the parameter 
A= E/D. 
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\~1/2> level lies lowest, and the g values corresponding to this level 

are given in the lower curve of Fig. 23. If D should in practice be 

negative, the I "!:s/2) level is lowest and Fig. 23 applies with the 

words upper and lower interchanged. In Appendices A and B, the g values, 

eigenfunctions, and eigenvalues for the levels are listed in tabular 

form. 

Before discussing these calculations, we mention the procedure of 

CNHs; They chose for their Hamiltonian the operator 

(72-1) 

At first sight this would appear to correspond to A.= co in Eq. (69-2). 

However, this is really not the case. A substitution of A. =1/3 in 
' 2 2 2 

Eq. (69-2) yields the result (since S(S+l)=S +S +S ) 
. X y Z 

(72-2) 

Therefore ~(1/3) and ~ differ only by a rotation of coordinate 
0 c. 

systems~ CNHS diagonalized ~~using angular momentum basis functions 

expressed relative to the z-axis of the coordinate system to which 

is referred. The matrix on page 69 shows that in this system the 

diagonal elements vanish, leaving only four nonzero entries. Thus the 

solution. is algebraically simple for 1{e. in this limiting case. 

The complete calculation of g values sunnnarized by Fig. 23 shows 

that only for ~~ 1/3 does one obtain isotropic g values for one'of the 

levels (the middle level). This, of course, agrees with CNHS, and we 

conclude that for FA, the SHin Eq. (69-2), with A~ 1/3, is appropriate. 

In addition, we are interested in interpreting the internal field at 

the nucleus as related to the crystal field levels. From this standpoint 

/ . 
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the conventions we gave above and Fig. 23 are useful. An example 

will readily show this. Consider the case when E = 0, i.e., fL=O. 

Then axial symmetry prevails and is described by the Hamiltonian 

(73-1) 

which leaves the lowest level twofold degenerate with eigenfunctions 

3+ 
As mentioned earlier, this situation occurs when Fe 

\ 
50 

is substitutionally grown in A ~03 (corundum). Wertheim's results 

show clearly that different fields arise from the \ :1" 5/2) and l ±: 3/~) 

upper doublets; and that the fields are in the ratio 5:3. The actual 

values are 550 and 330 kOe, respectively. This may be summarized by 

writing, for a level which is essentially an eigenstate of 

(73-2) 

Now reference to and t£ is the symmetry axis of the A.\,03 crystal. 

Fig. 23 shows that for the \.:1:5!2) upper level, 

Similarly for the \±3/2)1evel one finds ~.?:= 6, 

3 = 10, and a =a = o. 
;:. Jx. J~ 

and CJ,:.:= ~'<\ = 0. Hence 

the g values for the doublets are good measures of the direction and 

relative strengths of the internal fields. We may then schematically 

write Eq. (73-2) as 

(73-3) 

The above conclusion may be derived by addition of an isotropic hyper~ 

fine interaction term, 

~'n~ = I· A.~ :: A~ ~~T:a "\-i:_ ( ~~:r--\- 'S_ :r-\-)1 )' 
to ~0 (Eq. 69-1). Since ~~~-<<{t , we treat each level separately; 

and in so doing we impl~citly assume an effective interaction term 

(73-5) 



-74-

in the spin-1/2 Hamiltonian. Thfu is analogous to introduction of 

g values for the doublets describing the ESR data. It follows that, 

for Wertheim/s case and the upper \±5/2) doublet> 

;(~ ""'-r l Tt N;!S=l[.!.21Ur)=< ~*I\ T~A ~~ \ ~ 11.1\r ') 

or A~= sA l 

This which is exactly the relation between ~~and ~L for this case. 

result is rather obvious, and may be easily extended to show that 

(7~-1) 

Hence for the corundum case, we have for s'= 1z) 

(74-2) 

Viewed from the nucleus, with moment~, that sees an internal field H 

directed along the 2-axis, the hyperfine interaction is written 

~~t-= -;. ""(!. = --.J-1=2H:c = -91\\~N 14~ T;~ (74-3) 

Therefore, we obtain the result 

~~~= (_;:~N)~~~=l 
and since C' --~-~ . .;):e-- 2; 

I l·h l =- \-\ illl-t -== c ~ov-'S-t) CJ ~ ) 

as was to be shown. 

We now restrict our attention to the upper level and ask now the 

internal field wi 11 change as A. approaches the va.lue 1/3. From Fig. 23, 

we see that the beh~vior of the g values is relatively constant: g. 
. z 

decreases by less than 5% and g and g increase from zero to small values 
x· y 

(0.607 and 0.857). This is interpreted to mean that the field is still· 

dominant along the z direction for ~= 1/3. In order to compute the 

internal field from this level for a particular environment, we need 

the appropriate constant A in Eq. (73-4). Since Al203 and FA both 
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3+ 
contain iron in an ionic paramagnetic Fe state, we expect A to be 

approximately the same in both cases. One may then directly compute 

the internal field 

where 

(75-2) 
:t 

and ~~ are given in the Appendix for ll=l/3. This calculation is to 

be compared with the experimental value of 5\ S ::t2o kOe; the agreement 

is certainly acceptable. 

It is instructive to also consider the lower-level g values for 

~=1/3. Fig. 23 shows that they acquire the same values as the upper 

level except for a relabeling of subscripts. Thus for the lower level 

is large and the nucleus may be thought of as precessing about 

the y axis owing to an internal field mainly directed in that direction. 

In this case the internal field is given by 

(75-3) 

This result po_ints out that the lower level produces a fie'ld at the 

nucleus of the same magnitude as the upper level. However, the field 

directions for the upper and lower levels are orthogonal, being directed 

along the z and y axes, respectively. This result is not surprising 

when one recalls the form of the zero-field Rami ltonian, namely /l = 2/3 • 
2 2 

(Sz-Sy)· This means that a single low-temperature M~ssbauer measure-

ment using polycrystalline samples can not distinguish the ordering of ,. 

the energy levels. The additional ESR data do, however, allow a choice 

to be made, as is discussed in a subsequent paragraph. 
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While the description of internal fields is reasonably straight-

forward for the cases discussed above, complicat.ions arise for certain 

other crystal field levels. There are two reasons for this. The first 

3+ and main reason is that internal fields in Fe supposedly arise from 

core polarization, and as a consequence the nucleus does not directly 

interact with the crystal field states·. Rather, a polarization of core 

electrons is thought to occur because of the paramagnetism of the crystal 

field level. This polarization induces a distortation of the (core) s 

electrons, which in turn give a net spin density at the nucleus, i.e., 

a net internal field due. to the Fermi contact interaction. Owing to the 

complexity of the situation a quantitative treatment of this type of 

20 
interaction is not feasible at present. The second reason is that 

some crystal field levels do not imply well-defined fields at. the nucleus. 

For example, consider the middle level when = 1/3, as shoWn in 

Fig. 23. Here the g values are isotropic with value 4.275, and the 

situation is analogous to nuclear alignment conditions previously dis-:. 

cussed in the literature. 51 The middle level may be characterized by 

a doublet with effective spin S = 1/2; and inclusion of the nuclear spin 

I and isotropic hyperfine coupling A:::!· gA leads to the spin Hamiltonian 
~k 

~'n~= A'~:cT?: -t- A/2 ('S~r- + :r+s_}. (76-1) 

The energy levels fall into the usual two groups corresponding to a 

naw quantum nurnb~r ~ with v~lu~s !+1/2 ~nd !·1/~. ~h~ ~p~itetng of 

this doublet (for I= n/2, n = 1,3,5,···) is (I+l/2)A and each level 

contains an equal admixture of all the nuclear states mi, so that no 

nuclear alignment in zero field is achieved at any temperature. This 

corresponds to the fact that with no anisotropy there is no preferred 

- . 
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axis of alignment. As a result of this analysis no well-defined 

internal field is expected from the middle level when A = 1/3 in 

Eq. (69-2) . 

Another interesting case arises when the internal field from ·i 

real \±1/2) level is considered. This corresponds to the lower level 

of Fig. 23, when fl. = 0. For this level we have g = g = 6 = 3g . 
X y Z 

· From the nuclear alignment viewpoint a similar situation has been dis-

57 
cussed in the limit of g =: 0 and g :::: g 'I 0. Again referring to 

Z X y 

this doublet by a now effective spin S = 1/2, and with nuclear spin I, 

we write the Hamiltonian as 

The. energy levels are 

E= ±Ahi+~),.-k> 

where k=(I+l/2), (I-1/2))· ··, -(I+l/2). 

(77-1) 

(77-2) 

For I= 1/2, no splitting of the nuclear levels occurs. For I= 3/2, 

five levels are found with energies O,±f3A,!2A. The upper and lower 

levels are singlets composed of equal admixtures of the I W\I-= ~:!{:) 

states, while the middle level is composed of equal admixtures of the 

\±3/2> nuclear states. When Az is not identically zero the degener-

acies are slightly removed and a complicated level scheme for the nucleus 

results. Therefore within this description the M~ssbauer spectra from 

polycrystalline absorbers would be expected to show no well-defined 

hyperfine splitting. 

An alternative interpretation of the behavior of the \~1/2) 
50 

level in Al2o3 has been given by Wertheim. In Al2o
3

, no internal 
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field spectrum from this level was observed in the absence of an 

external field. Thts was interpreted as being due to an enhanced 

magnetic dipole relaxation rate between them =-1/2 and m =+1/2 states. 
s s: 

This is easily described phenomenologically by noting that the magnetic 

dipole transition operator s+ does not va.nish between these levels' 

i.e.,<~\~+ \-k);W. The magnetic dipole relaxation mechanism has its 

theoretical basis in the treatment of cross-relaxation of Bloembergen 
58 

et al. This viewpoint was experimentally tested by Wertheim by 

applying ~n external field to the Al
2
o

3 
sample to remove the Kramers 

d~generacy of the \±l/2)level, and thereby increase the separation 

of the levels. The relaxation rate between the levels should decrease, 

and indeed hyperfine lines were then observed which could be attributed 

to an internal field of magnitude 110 kOe = 22o<s '> , from the \.::t-1/2) 
z 

level. We have specifically mentioned these results because we shall 

follow the magnetic dipole relaxation interpretation in discussing the 

FA relaxation. 

Having made these general remarks concerning internal f~elds from 

crystal field levels, we may now summarize the fields implied in the 

case of FA. We mentioned above that because of the isotropic g value 

of the middle level, no net field is expected from these levels; and a 

single line near zero velocity is expected in the absence of quadrupole 

interaction. Electric field gradients, undoubtedly present in FA, would 

imply a t'\vo-line ·spectrum .. The upper and lower levels imply fields of 

the same magnitude, but directed along different axes. It has also beep 

mentioned that because of the identity of these fields it is not possible 

to determine, from polycrystalline M5ssbauer data, which level is actually 

- . 

.. 
I 

i' 
I 



'· 

-79-

lowest-lying in FA. However, we have additional information regarding 

the ESR of FA. The extreme line width of the paramagnetic resonance at 

g = 4.3 indicates that )L is somewhat less than the value of 1/3 assumed 

in the calculations made previously. Reference to Fig. 23 shows that 

even in a region of A~ 0.20, which agrees with a 400-0e line width, 

the internal field situation is substantially the same as for the case 

~- = 1/3. Figure 23 also shows another interesting feature. For the 

upper level as shown, g and g are very small and would not be visible 
X y 

in the ESR spectra shown in Fig. 22, since g = 0.6 occurs at 11 kOe. 

However, in fact, two lines are observed at g:=.1.3 and g :::1.0. 

These lines appear only at the lowest temperatures, perhaps because of 

relaxation, and are presumably due to the lowest crystal field level. 

Figure 23 shows that this behavior is predicted for the lower level 

when ;L ~ 0.25. This gives an independent check of i\. which may be. 

given as ~ = 0.22 ± 0.03. In addition, this result verifies our per-

turbation approach in assuming the crystal field splittings to be large 

relative to the Zeeman interaction term S@\1 in Eq. (68-1). -To obtain 

an estimate of the splitting e bet>veen the middle and lower levels, we 

may assume, since the perturbation treatment yields g values in agree-

ment with experiment, that ratios of the form 

<t¥/ I <J(-3 ~.).3x.l 1/. > 
E.,_- c:, 

.. 
are small, say of the order ~0.1. Using the wave functions given in 

. . the Appendix we calculate, with ~[SH= o.lf 01<; 

or e ~ "o K. 
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This estimate is probably high, as may be seen by reference to the 

. 0 
ESR data at 1 K, which shows an intense line from the middle g = 4.3 

level. A somewhat better estimate consistent with all the data is 

e ~ 3°K. We have thus far determined to good accuracy the important~ 

crystal field parameters describing the local environment of Fe3+ in 

FA; it remains to describe the relaxation behavior within this framework. 

2. Relaxation Effects in FA 

The literature of relaxation effects in MBssbauer resonance is not 

59 
extensive, and only wi~hin the year have Afanas'ev and Kagan presented 

a mathematically detailed. discussion of the hyperfine structure of 

nuclear levels in a paramagnet in zero external field. During the 

course of our work we have independently developed a much simpler thea-

retical treatment which leads to essent·ially the same results as refer-

ence 59. Because of its simplicity, our approach appears to be· 

potentially of wider use in interpreting MBssbauer relaxation spectra. 

At the outset we point out that although we use the formalism to 

interpret the FA spectra, the method is reasonably general and should 

be applicable to most Mt3ssbauer patterns where relaxation effects are 

evident. 

To begin, we consider an ion, of electronic spin,s = 3/2, which 

produces a hyperfine field at the nucleus. We assume for simplicity 

that the hyperfine interaction may be written as 

where the z axis is parallel to the internal field direction. Also, 

for simplicity, we consider a Mossbauer nucleus with r
0 

= 1
1 

= 1/2. 

The nuclear energy levels are then represented by Fig. 24. As 

..._ .. 
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discussed in the preceding section, the magnetic field seen by the 

nucleus depends on the ionic crystal field levels. In a sample the 

ions are assumed to be in well-defined crystal .field states with 

probabilities given by the Boltzman distribution. For very slow 

electronic relaxation a specific nucleus experiences an internal mag-

netic field proportional to < Sxl· Because of the scalar interaction, 

Eq. (80-1), a M~ssbauer experiment in zero external field cannot 

distinguish between@ and@.· However, if relaxation between the 

ms=l/2 and m =-1/2 states occurs, ( S ) for the ion is changed and 
s z 

so also will be the MUssbauer pattern through the interaction ~~~. 

Restricting our attention to@ and Q), we write schematically, 

t 
I 

A l 

,@) 

Electronic 

relaxation 

Fig .. 25. 

m =-1/2 s 

® 

B 

In particular, consider the transitions A and.B in Fig. 25. They are 

clearly related if we visualize the nucleus as experiencing an internal 

~i 

' I ., 
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field H of changing polarity as an electron relaxation occurs between 

them = 1/2 state to the m =-1/2 state. Thus what· "was" transition 
s s 

A becomes transition B after the electronic relaxation. We have only 

shown half the picture, but it is clearly synrrnetrical with respect 

to the other transition. In the limit of very long relaxation, i.e., 

well-defined states, the following absorption pattern is expected. 

m =1/2-m =-1/2 
s s 

Fig. 26. Slow relaxation: resolved hyperfine pattern. 

For very short relaxation times <sz) is nearly zero, and we expect 

the result 

Fig. 27. Fast relaxation: no net internal field. 

' . 
For intermediate situations rate equations are needed which will predict 

resonance line shapes for M5ssbauer experiments. 
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In order to develop these equations it is first necessary to decide 

on the type of fluctuation of the internal field and hence MIJssbauer 

energy levels. For example, could transition A "turn into" transition 

B because of a4""s =.:.1 ,~l""r_=- ( process? .We think that, to a good approxi-

mation, the answer is no, and that the type of crystal field relaxation 

described in previous paragraphs is suitably inclusive of many real 

systems. That is, we assume the crystal field relaxation mechanism to 

be a (virtual) transition from the electronic state \* 1/2) to the 

state \-:;:. 1/2) with no change in nuclear quantum sta:tes. In the lan-

guage of quantum chemistry, the system may be thought of as resonating 

with frequency, say 1:-l, between the two states. The lifetime of the 

state \ =I= 1/2 j · oi the "coherency" of the· transition A is therefore 

denoted by '2: • 

In crystal field theory it is common for degenerate pairs of levels 
..,.. 

to occur. Denoting such a pair by <P-, we may define "inter level 

relaxation" by the situation y.;r~'7 tp:f:. As !!: priori evidence for this 

behavior we note that only a small net energy is required for such 

transitions. Furthermore, Wertheim's work50 shows that relaxation is 

extremely rapid between the \ ± 1/2> 3+ 
levels of Fe in Al 0 , presumably 

2 3 

because ofAms=±/ magnetic dipole type transitions. ,An example of a pair 

of states in which this mechanism is forbidden would be \ ::t S/z) · 

processes for these levels is·so slow as to allow observation of a fixed 

hyperfine field at the nucleus. Finally, it may be noted that the 

interlevel. relaxation processes described here correspond to the usual 

A w. :=.o+ 1 .AW.I =0 selection rules .often observed in paramagnetic 
~ s l- J . 

.,.f ... 

! 

·. 
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resonance.· While other relaxation processes are undoubtedly important 

in higher-order refinements and at higher temperatures, the mechanism 

·discussed above will be shown to account for the qualitative features 

of the resonance absorption in FA. It should 'be mentioned that fdr. non-
.1.; 

s-state ions, calculations 60 of direct process spin lattice interaction 

predict that the coupling involved is quadrupolar in character, as 

expressed in spin operators. However, no general discussion of zero 

field relaxation in the S-state ion Fe3+ has been made. The quadrupolar. 

condition implies no relaxation between the \~1/2) levels in corundum, 

where in fact fast relaxation is observed. Therefore it seems reason-
.. 

able that magnetic dipole relaxation is dominant in FA .. 

Recall that the FA Hamiltonian is 

~= D(S~--1;~cs~l)J + E($~-s;), (85-1) 
.. 

which implies three twofold degenerate levels. In particular, the 

wave functions for the levels are cf the form 
r . . '/i. ::. 0.-.\±S/z) -1- bJ:l:''h) +C~ \~3./z). (85-2) 

The coefficients may be determined by reference to Appendix A. They 

are given here for the case A. :::0.25: 

'faT:. 0.990 l:t•%) +o./311/±'lz/ +o.o:.c-J+o/'l-)> 

1/{1:-= o. 083l'±.!:/z') - 0,37C:. 1'1'/z) - o. ~z ~ n: 3/z.).l ' 

lf,!':: o,tl/ /:tS/z/ - o. 91'9 lf:'A) -to. 383/':j: 3/z '). 

(85-3) 

4. 

It is obvious from inspection of.the wave functions that<!;-'- is pre-
·-·.. :1: ,J. . 

. dominantly }:l:5/2> ; fz-:c.J-=F·%); and <ft.J.~/tl/z/. This means that 
. .,. 

magnetic dipole relaxation between the tft- states (or any: linear · .,. .. -. . 

combination) is expected t·o be rapid relative to the-~~~; relaxation • 

. A' \rough estimate .of the rates., may be acquired _by calculation of the 

,., '··· 
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matrix element<+ I~+\-) and we find 

+I ->}'2. . z) '2.. l...('fj S-fl<l-3 -::./zl5~3 c3 -t3D3 =lo.-zro)=O.o'-12., 

l<~-1-~ St j\f{) ~---= { 0, 389)
4

= o.ISI) (86-1) 

This admittedly naive calculation bears out the comments made above, 

and shows also that magnetic dipole relaxation is not completely for-

bidden between any of the levels. It is clear, however, that inter-

level relaxation based on this mechanism is rapid only in the lowest 

level. This explains a rather peculiar feature of the FA data which 

at the outset seemed puzzling. Referring to Fig. 18, one notes that, 

0 
at 77 K, structure corresponding to the outer (low-temperature) hyper-

fine lines is visibJe while the broad center line indicates rather 

fast relaxation is occurring in some levels. This is consistent with 

the view that very slow relaxation at 77°K in the upper level causes 

a well-defined hyperfine field, which we have shown to be of 

essentially the same magnitude as that due to the lower level. On the 

other hand, fast relaxation in the lmver and possibly the middle level 

accounts for the broad resonance centered near zero velocity. 

The main feature of the above picture is that we,assume magnetic 
t' 

dipole transitions to occur between the f- crystal field levels. Since 

we are looking for ra~e equations to describe such a situation, it i~ 

natural to turn to the phenomenological Bloch equations, but apply 

them to the case of Ml:3ssbauer transitions. That is, the electronic 

levels are actually exchanging, but the effect of this is observed via 

Ml:3ssbauer resonance. The si~uation is simply that there exists a 

.... .. 

t ' 
t 
' I 
' - I 
~-
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one-many correspondence between electronic interlevel exchange (~:-7 r-) 

and Mtissbauer "transition exchange" (;,::,) . Thus our picture is one 

of exchange between nuclear transitions of energy wA and Wa at a rate 

governed by suitably modified Bloch equations. It is implicitly 

assumed, for ease in describing the calculation, that only one twofold 

degenerate electrontc level is responsible for the field at the nucleus. 

A procedure for inclusion of the effect of additional levels is given 

in a later paragraph. In order to obtain the proper equations, we 

first look at nuclear magnetic resonance where a somewhat similar 

situation arises. 

The picture for NMR is as follows: in the presence of an external 

field H a proton may be found at either of two magnetically inequivalent 

sites E and F. 

SITE E ~/TE. F 

Fig. 28 Inequivalent proton sites 

The observed line shape depends on the rate at which exchange occurs 

YE+YF 
between the sites. For fast exchange only a single line at Y= - 2.. 

is seen; and. for very slow exchange, two lines, one at'YE and one at YF 

are observed. As the rate changes from one extreme to the other, a 

continuous change in line shape occurs. If we denote by cE{~p) the 

-1 -1 
mean life at site E(F), then l's (?:F) denotes the probability per unit 

time of a jump to site F(E). 
_, -1 -t 

As the exchange rate, T= ?:6 =-?:p , increases, 

-I 
from very small values ( y z o ) , the t<vo signals broaden and their 

maxima draw closer together. This .continues until the peaks coalesce 
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into one broad si~nal with maximum at the mean position. As ~ increases 

further, the central peak sharpens into a single narrow line. This is 

quite analogous to our discussion of the M~ssbauer spectra given above; 

the only formal difference so far is that different frequencies YA-and 

YE are -encountered. In fact, it turns out that the solutions of 

61 
modified Bloch equations describing proton exchange depend for their 

shape only on the product ~W . In Fig. 29 we have computed curves for 

fixed W and various· 2:: for the MBssbauer transitions A and B. (Here 

u.>A =-w13 =6"6.2. Me). The curves clearly display the line-shape behavior 

resulting from changing correlation time 1:: • The spectra of Fig. 29 

apply equally well to nuclear exchange with, of course, a much smaller 

frequency uJ£ and a much larger lifetime ~ . It is this analogy which 

leads us to introduce, for the descriptive purpose of relating transi-

tions A and B, the notion of characterizing these two levels by an 

effective spin 1/2 "dipole" which sees t>vo different "sites 11 A and B. 

I 

Referring to Fig. 27, a second dipole is exchanging between sites A 

and B 
I• 

Continuing now to the calculation of the line shape, there are 

three related problems. Because of the effective spin formalism, the 

effect of an electronic relaxation from '/1 r to </-',-is· to cause a jump 

of the hyperfine pattern as follows. Referring to Fig. 30, the lines 

~ + 
«t: shift to the positions of lines cf,t: fot" i = 1,2,3, respectively. 

The simplest calculation then consists of a superposition of three 

patterns, each of the type shown in.Fig. 29. 

The assump·tions made in applying these calculations are now 

discussed. By use of the effective spin formalism these assumptions 

.... ' 
-1' 

I . 
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may be completely transposed to the existing language of NMR exchange 

theory. The latter is surveyed, for example, in Chapter 10 of 

reference 61. It is supposed that transitions occur in a time very 

short compared with the reciprocal Larmor precession frequencies of 

the nuclear levels. We also assume that while the nucleus is at site 
I 

~ -1 
E («~) there is a, constant probability ~Eper unit time for a 

transition to site F (~). The mean lifetime at site E is then ~e· 

Similarly, z-F may be defined. The fractional populations 

1:e "l:F 
PE = TE.+£F ' PF '1:~-t £p. 

at sites E and F are given by 

Rate-equations to describe the situation have been derived by 

62-64 . several authors, but the s~mplest approach is that due to 

McConne1162 w:ho proposed the following modified Bloch equations: 

G E- + o( E ~ E =- - z. ·di, Mot: + r; 'q r- - l: ~~ ~E. ) 

. - (90-1) 
G F + <:{F ~E= = -i. y 1-f, Mot"'+ 't'e' rqr=- 1::~ rqt=: 

The equations refer to the frame rotating with the rf field of 

angular frequency w , and deletion of the last two terms of the right 

hand side yields.the usual Bloch equations. 65 Themagnetization due to 

nuclei at sites E and F are represented by GE and GF, and the total 

complex moment G is defined by 

(90-2) 

- . 
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The two additional terms on the right~hand side of Eq. (90-1) are of 

obvious physical significance in view of our previous remarks. The 

constants o(E and O(F are complex quantities related to the line width 

of the nuclear resonance absorption, and are-defined by 

(91-1) 

where T2E and T2F are the transverse relaxation times at the two sites. 

Assuming a steady-state GE = GF = 0, and noting 

) 

01 is the macroscopic moment of the sample), we have the moment G 
·o 

given by 

When T
2

E = T2F, the solution. for the imaginary part of the magnet-

ization is given by 64 Gutowsky and Holm: · 

where 

and 

V(w)-:: - K (I + 7: /Tz.) P + Q R 
pz;- Rz.. 

Q-::: 1: [±(w~:-rw,c)-w- ~ (Pe-- Pp':( wE'- wl=~, 

R-= [± {w~;-rW,c)-w ](t+ 21:/iz) + i (pE-PF:)(wiZ. -wr=). 

(91-2) 

(91-3) 

(91-4) 

(91-5) 

This e~pression may be simplified by assuming equal populations pE=pF=l/2, 

and li-fetimes ~le= Lp= 2£::". Hence, if wEr(()F=O, 

P ( 
-'Z. ~ 'Z. \ _, 

'= T Tz -W f-W£) + Tz ) · 

Q-=-cw, (91-6) 

f\-::: -w(t+21:Tz-1
). 
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The calculations described below depend only on Eqs. (91-5) and (91-6). 

The main analogies between nuclear spin jumps among inequivalent 

sites, and the MUssbauer.case of electronic relaxation producing such 

changes for a fictitious spin, have been discussed above. Since the 

assumed relaxation is of magnetic character it is not unreasonable 

· to expect the Bloch· equations to give a fair approximation to the· rate 

problem. It is a result of Eq. (91-6) that the line shape depends only 

on the product of wE and the relaxation time ~ . The line positions 

+ 
in frequency units o!,:.- ,;.::I;Z)3(which correspond to wE) may be determined 

I 

from the ME, and ~varied over a suitable range. 
-\ 

The parameter T2 or 

(transverse relaxation time)
1 

is interpreted as the natural line width 

p of the MBssbauer resonance, and since emi$sion and absorption patterns 

-I 
overlap for the ME, we take T

2 
= 2\ = 1.428 Me in the formulas. To 

compute curves the s~mplifying assumption was made that only a magnetic 

field was present. The magnitude of the field was taked as 520 kOe, 

and the resulting six-line M~ssbauer pattern plotted in frequency units: 

W\ 1 = + 3/z ~ Vlll.o-= + 1 I 2. ~ 9-:;t. 3 IV\c:.) 

M,= +'/2 ~ W\0: + 'lz. -r 5{:.. 2 t'v\c. ) 

Vvt,=. !: 1/z. ~ v..~o-= +'lz + \ s. 2. Me. 
For each value of ~ , three seperate curves were computed and normalized 

to preserve the intensity ratios. The curve to be compared with experi-

ment is the sum of these normalized spectra. The -electroni4 relaxation 

time?:: was varied.' from 0.0004 to 0.60 microsec is small intervals. All 

computations and curve plottings were done by computer. Figures 31 

through )6 show the results for the indicated values of L Actually, 

L is one-half the mean life of the crystal field level (cf. Eq. (91-4)). 

- ·• ., 

. . 
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MU-34547 

Fig. 33 Relaxation spectra III 
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The curves clearly show the pronounced effect of electronic relax-

ation on M~ssbauer spectra. The limits for long ~, much greater than 

one microsec, and for short ~ ' much less than one microsec, correspond 

57 to previously reported Fe 'tvork. For intermediate 1:-::::: 0.02 microsec 

the only data are those obtained 'tV'ith FA. Recall that only for temp-

eratures at or below ~3~ is it approximately true that only the 

lowest crystal field level is populated. The data taken at 2.5~ are 

then the best available to compare with the computed curves. Reference 

to Figs. 18 and 33 for t:: = 0.06 microsec establishes a value for the 

electronic relaxation time, namely ~e= 0.12 microsec. The qualitative 

features of the experimental and computed spectra for this value of 

are quite similar, the main, difference being the asymmetry of the FA 

lines due to quadrupole interaction. 

At higher temperatures the spectra do not agree as well because of 

superimposed spectra from other crystal field levels and different 

relaxation times for these levels. However, the procedure used above 

can in principle be extended to any number of levels (with their respec-

tive hyperfine fields and relaxation times) and the various spectra 

added and compared with experiment. We have not done this because the 

main idea of the calculation was to determine if the Bloch equations 

provide suitable rate equations for the proposed relaxation mechanism. 

The agreement at low temperatures seems to verify the qualitative 

features of the relaxation process; and a good estimate of the electron 

. . correlation time at 2.5~ may be inferred directly from experiment. For 

more detailed discussion, it would be necessary to obtain single-crystal 

data for FA. These results should verify the predicted g values and 
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provide accurate relative intensity measurement to establish the zero 

field crystal-field splittings. Finally, relaxation studies using ESR 

would give an independent estimate for ~e· 
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VI. EUROPIUM EXPERll1ENTS 

Introductory Comments 

Like Fe3+, Eu2+ (4f7 8s
712

) may be studied by both nuclear and 

electron resonance. Many previous workers have investigated the ESR of 

Eu2+ in a number of environments; the results show only small variation~ 

and are generally characteristic of an S-state ion: e.g., small crystal 

field splittings and g value (1.991) near the spin-only value 2.00. On 

h h h d 1 f d . f 1 . 151 h t e ot er an , on y a ew stu Les o nuc ear resonance Ln Eu ave 

been reported. These show an interesting range of behavior due to 

large variations of the hyperfine interaction and electron density at 

the europium nucleus; the experiments described below deal only with 

the ME. 

In Section II.C we pointed out that the europium chalcogenides 

(EuO, EuS, EuSe, EuTe) represent excellent physical approximations to 

a Heisenberg ferromagnet. It is natural then to investigate these 

compounds with an eye toward relating the results ,to the predictions of 

the theory of a ferromagnet. At the outset, however, it must be 

realized that our experiments are not intended as a stringent test of 

such theories. Other techniques are certainly more sensitive and 

appropriate for precise measurements of internal fields. For example. 

the advantages of nuclear magnetic resonance have been demonstrated in 

a recent study of the internal field in Eus.
66 

A somewhat more attractive 

feature of nuclear resonance in these and other europium compounds is 

the large and varied isomer shifts which they display relative to a 

151 
Eu

2 
03 source. These isomer shifts and internal fields (if present) may 

be related, and one should in principle be able to correlate the two 
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types of data. One result of the following experiments is to show that 

such a correlation is in fact possible for a fairly broad class of 

compounds. In addition, the temperature variation of the internal field 
'(' 

of EuO is discussed, and compared with spin-wave and Weiss-field 
/' 

predictions. 

A. M~ssbauer Effect in Several Europous Compounds 

1. Experimental Details 

With few exceptions, high-purity di-positive europium compounds are 

difficult to prepare. We were fortunate in obtaining samples from sev-

eral sources which we now list and gratefully acknowledge: 

EuO: Dr. John Burnett of the actinide chemistry group at the 

Lawrence Radiation Laboratory, University of California, 

Berkeley . 

. ~EuS, EuSe: Dr. E. L. Boyd, IBM Watson Research Labora_tories. 

EuF2 : Dr. Kenneth Lee, Varian Associates, Palo Alto, California. 

Our experience with these compounds showed that with the exception of 

EuS and EuF2 , considerable care was required in order to avoid sample 

decomposition. In particular, the sample must avoid contact with 

moisture. The EuSe was not of high purity; although we were able to 

determine the isomer shift for this compound, the effect was so small 

that nohyperfine pattern could be found at 4.2°K. 

Standard dry-box techniques were employed to mount the absorber 

samples in Lucite absorber holders. The absorber holders could then be I , 
! ~ 

sealed with acrylic resin t.o exclude moisture during experiment. The 

experiments were performed with the continuous-drive spectrometer 
,. 

described in Section III.B. • I 
I 
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2. Experimental Results 

a. Isomer Shift Data. All the experiments were performed with a 

151 
single-line Eu2, 03 source, and all reported shifts are relative to this 

0 0 
source. The measurements were performed at 77 and 4.5 K. At these 

temperatures the effect is pronounced. These temperatures are also 

convenient because the higher temperature is above the transition 

0 
temperatures of the ferromagnetic compounds, while at 4.5 K, ordering 

has occurred. Thus at 77°K the resonance pattern consists of a single 
0 

unsplit line and the isomer shift may be easily determined. At 4.5 K 

a hyperfine pattern is observed, whbse center of gravity gives another 

measurement of the isomer shift. 

In Fig. 37 we show typical resonance spectra for EuO, EuS, and 

EuF2 at 77 0. Except for isomer shift the single line spectra 'tvere all 

similar. Table V lists the observed isomer shifts for the compounds 

investigated. The values represent weighted averages of at least four 

runs at each temperature. The errors represent maximal deviations from 

the mean value, i.e., all runs fall within the values quoted. Thus the 

mean value is given; so also is the spread in experimental results. In 

no experiments were any measurable quadrupole effects observed. However, 

since all the compounds posses cubic symmetry, such effects are 

)f, expected to be small. It is interesting that the isomer shifts reported 

here are the largest thus far encountered in MBssbauer work. A discussion 

and explanation of these shifts may be found in Section VI.C . 

b. Internal Field Measurements. In Section III.C the nuclear Zeeman 

. . 151 
effect Ln Eu was discussed. A fortuitous g-value ratio for. ground 

and excited states permits near degeneracies which reduce a potentially 
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Fig. 37 MBssbauer effect in EuO, EuS, and EuF2 • 



r 

. . 

• 4 

-105-

Table V. Isomer shifts for europous compounds 

Sample 
EuO 
EuO 
EuS 
EuS 
EuSe 
EuF2 
EuF

2 

Temp. (crz) 
77 
4.5 
77 
4.5 
77 
77 
4.5 

Isomer shift 
1.183-0.020 
1.196 
1.258 
1.261 
1.261 
1.505 
1.480 

Lattice 
fcc 

fcc 

fcc 
Cubic 

complex 18-line spectrum to a reasonable 8-line spectrum as observed 

by M~ssbauer resonance. Actually, only 6 of the 8 lines are normally 

observed due to the low intensities of the two outer lines. We now 

indicate how an internal field may be deduced from such a M~ssbauer 

pattern. 

It is useful first to review how the g-value ratio, c(= ~•ho, 

may be determined from experiment. In Section III.A a "g-factor 

diagram" technique was described which allows one to conveniently 

plot the relative spacings of the 18 hf components as a function of 

~. In Fig. 38 we show a portion of such a g-factor diagram. The 

relative spacings of the lines may be computed by using the formula 

(105-1) 

where 0.520~ 01. L- 0.540, and m and m are magnetic quantum states for 
I 0 

excited and ground states, respectively. For Ml transitions we must 

• :!-:r o nave ml- mo = ' . The range of g-value ratios shown includes the 

reported values. 

The g-factor diagram shows that the ratio of the spacings A and B 

(Fig. 39) should be fairly sensitive to variations in~ . One now 
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Fig. 39 Nuclear Zeeman effect in EuO and EuS. 
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theoretically computes spectra for a reasonable range of line widths and 

0\. 's, and with fixed internal field H~ 300 kOe. Examination of such 

spectra shows that A/B is relatively insensitive to line width but is 

quite sensitive to o:.. • Thus by comparing experimental values for A/B 

with a similar ratio from computed spectra, an accurate determination 

of Ol is possible. 

Table VI gives the variation of A/B with ex. for several line widths 

and fixed internal field H = 3.022xl05 Oe. 

Table VI Variation A/B with e<, f1 . - - - - - - - - - - - - r - (-;_m7 s~c) - - - - - - - - -

0( 0.252 0.288 0.324 0.360 
0.520 0;575 0.578 0.577 0.579 
0.522 0.574 0.572 0.573 0.575 
0.524 0.572 0.568 0.570 0.574 
0.526 0.563 0.564 0.570 0.572 
0.528 0.561 0.565 0.565 0.566 
0.530 0.550 0.560 0.560 0.561 
0.532 0.553 0.558 0.556 0.560 
0.534 0.552 0.553 0.554 0.555 
0.536 0.547 0.549 0.551 0.552 
0~538 0.544 0.544 0.545 0.551 

For <X.= 0.520, \' = 0.252 em/sec, we find A/B = 0.575, etc., An example 

of the variation of spectra with ~ is given in Figs. 40 through 42, 

which show the 10 comput'~'d figures for r = 0. 288 em/ sec.' and the 

range of C( indicated in the figure. 

By measurement ,of A/B from the experimental spectra we find 

A/B = 0.565 ± 0.002. 

This ratio is obtained from eight different runs using EuO and EuS. 

Since the line width is nominally 0,3 em/ sec for our absorbers, we find,, 

from Table VI, 

o{: '3, ~~o-:::= o. S28 ± o.oo2... (107-1) 

' .. 
I• 
! 
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Fig. 42 Theoretical hyperfine spectra for Eu151 - III. 
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This result is in excellent agreement ·with the previous reported 

values: ± . 42 0.528 0.005 obtained from Eu metal spectra, and 0.530 ± 
43 

0.001 obtained from europium iron garnet spectra. The problem of 

deducing the internal field from an experimentally determined pattern 

is now straightfonJard. Since the internal field of the. computed curves 

is kno•vn, one may use either the separation A or B as a measure of this 

field. Hence, the formulas 

5 
Hint=(l.234)(A)xl0 Oe-sec/cm, 

=(0.699)(B)xl05 Oe-sec/cm, 
(ill-1) 

where A, B are measured in em/sec. Use of Eq. (111-1) immediately gives 

the internal field once A or B is determined from the M~ssbauer spectra. 

0 
We have determined at 4.5 K the internal fields at the europium 

nucleus for EuO and EuS. Representative spectra are shown in Fig. 39. 

Using Eq. (111-1)- we have found H(4.5°K)=319 ± 10, and 331 ± 10 kOe 

for EuO and EuS respectively. For later discussion we shall be 

interested in the fields produced when the electronic moments are 

d d b lk . . 67 '68 h saturate . From reporte u magnetJ.zatJ.on curves we ave com-

0 puted H(O K) for EuO and EuS. In Table VIII these results are listed 

together with related chalcogenide data. The ferromagnetic and para-

magnetic Curie temperatures are denoted by TC and 8, respectively. 

TN is the Neel temperature of antiferromagnetic EuTe. 

Table VIII. 
0
Measured internal fields in europium comgounds · 

Sample Temp ( K) Hint Hint (0°K) T 01{ 8 K Ref. 
______ --------- --------- _gS~L--

EuO 
EuS 
EuSe 
EuTe 

4.5 
4.5 
4.5 

319.:1:.10 
331±10 
Not obs. 

II II 

69 
16.3 

7 
( 7.8) 

77 
19 

9 
-6 

69 
66 
69 
69 

--·--.:::- .~~~~ .... ,, -.-.-.. ·~~ ..... 

• 

' . 

- . .. 
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B. Temperature Dependence of the Internal Field in EuO 

a. Experimental Results. Because of its large mass, the drive capsule 

and cryostat assembly (described in Section II.C) offers a convenient 

0 
"calorimeter" for short-term measurements at temperatures 9 10 K. After 

removal of liquid helium, the vJarmup rate of the inner Dewar and drive 

capsule is slow enough to allow several-minute counting periods during 

which sample changes of temperature .are small; this provides a method 

for the measurement of the temperature dependence of the internal field 

in EuO. 

Temperature measurements were made by using a 1000 ohm carbon resis-

tor which was calibrated--at the boiling points of liquid nitrogen, hy-

drogen, and helium--both before and after the experiments. The resistance 

was measured with a conventional Wheatstone bridge and precision decade 

box. The sensing resistor was thermally grounded to the source holder, 

which was isothermal with the absorber. 

The warmup rate was most rapid between 4.5 and 25~, and in this 

region was nominally 4°K/hr. However, the magnetization of the sample 

is well saturated in this region, and counting periods of one-half hour 

were sufficient to clearly determine the four intense absorption lines. 

Above 25~, the warmup rate decreased rapidly and above 40°K was approx-

imately 0.75°K/hr. Counting periods were .at least one hour in length 

in this region. In general, better than 1.5% statistical accuracy was 

obtained for any ·of the runs. Near the transition temperature the lines 

merged in a fashion analogous to the behavior of Eu meta1. 42 As would , 

be expected from the collapsing 18-line spectrum, the field measurement 

errors were greatest in this region. 

The data are most efficiently presented (Fig. 43) by plotting reduced 
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internal field, H(T)/H(O), versus reduced temperature, T/TC. In the 

figure we have indicated the statistical and measurement errors in 

determining the reduced field. As noted above, the warmup rate implies 

that each data point really represents an average temperature. However, 

the internal field change is quite small in the region where the temp-

erature variations are most rapid (4. 5 f:. T ~ 20°K), while for regions 

where T ~TC and the internal field is diminishing rapidly, the warmup 

rate is very slow. Thus the errors involved in taking the average 

temperatures are minimal compared with the internal field uncertainties. 

b. Discussion 

The internal fields observed with the MBssbauer effect generally 

· H(T) M(.T) follow closely the bulk magnetization of the sample, J. .e., HlD) = 1"\(D) • 

For this reason it is interesting to compare our field measurements with 

spin-wave and Weiss-field theories. As mentioned earlier, for 0°6 T ~ T(:/2 

spin-wave theory predicts the temperature dependence of the magnetiza-

tion of a ferromagnet. EuO offers a particularly simple case to test 

this theory, since only nearest-neighbor ,interactions have been found 

to be important. Taking into account these interactions and also two-

d . 1 . . 28 h 1 d 1 1 . f magnon ynamJ.ca J.nteractJ.ons, Low as recent y ma e a ca cu atJ.on o 

the magnetization of EuO. This computation employs a formula due to 

Rushbrooke and Wood70 to determine the exchange parameter J from 8=7/2 

kTc 
J (115-1) 

·where Z is the number of nearest neighbors (4). Using Tc=75°K, the 

calculation gives the curve Svl shown in Fig. 43. (To obtain curve SW 
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28 we have replotted Fig'. 1 of Low's paper. ) Our measurements deter-

o 68 ~ 0 
mined Tc as 67.::!::. 2 K, and recently published data g~ve Tc=69 K. 

Therefore, since TC is actually lower than 75°K, the curve is· ex

pected to be somewhat affected by this change. However, the good 

agreement with experiment (for T/TC~ 1/5) indicates such changes would 

be small. 

Turning to the region T / TC/2, spin-wave theory is obviously no 

longer accurate, an~Weiss-field theory is more appropriate. The 

discussion in Section II.C shows the magnetization curve to be given 

by a Brillouin function,_which; when plotted in the manner of Fig. 43, 

depends only on the angular momentum of the ions subject to exchange 

interactions. 2+ For Eu , S=7/2, and in Fig. 43, curve B gives the 

magnetization predicted by a Brillouin function, BJ(x), with J=7/2. · 

The agreement is good in the high-temperature region. 

The two theories show quite clearly their respective areas of 

applicability, namely, the low- and high-temperature regions. When 

T ~ Tc/2, it appears that neither theory reproduces the experimental 

data. This indicates-that in this region the relatively simple physical 

pictures associated with the theories are no longer accurate. Despite 

apparent deviations near TC/2, the good agreement in the high- and 

low-temperature regions gives convincing evidence for the accuracy of 

t,he description of EuO as an ideal ferromagnet. This result agrees 

. h 1 ' . . 6 7- 69 f . . . h 1 . d vnt severa recent stucnes o magnet~sm ~n europ~um c a cogenl es. 

To make detailed comparisons with theory, precise measurements of, 

the internal fields, especially in the region T~O~, are needed. The 

ME does not compete with other methods such as NMR in obtaining this type 
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of data. On the other hand, these techniques give no information about 

isomer shifts in the compounds under investigation. Also, although 

. 68 69 several complete rev~e\vs ' of magnetism in europium compounds are 

in the literature, no discussion of the relation between internal 

fields and isomer shifts in europium compounds is available. The 

following section is devoted to a discussion of the latter point. 

C. Discussion of Isomer Shifts and Internal Fields 

In the introduction of Section VI we pointed out that it may be 

possible to correlate internal fields and isomer shifts when both are 

present. This is because both effects depend critically on the 

s-electron density at the nucleus. As discussed in Section II.C, the 

internal fields occur because of a polarization of the s electrons (due 

to the paramagnetic 4f electrons) which, due to the Fermi contact term 

(Eq. (8-1)) gives a large resultant field at the nucleus. 

As discussed in Section III, isomer shifts may occur whenever the' 

excited state of a MC3ssbauer nucleus feels a Coulomb interaction 

different from that seen by the ground level. A useful result for the 

isomer shift is given in nonrelativistic approx{mation by 

(117-1) 

It is clear that since s electrons give the dominant contribution to 

electron density at the nucleus, isomer shifts will be quite sensitive 

to changes ins electron character in different environments. 

... These changes in electron density can be shown to determine the 

( 151 sign of dR for Eu . This may be done by using our isomer shift for 

42 
EuF2 (-1.50 em/sec) and the repo~ted shift for Eu metal (-0.82 em/sec). 
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Due to ·the higi1 electronegativit:y of fluorine-,' Eu in EuF2 ,is expected 

to be essentially ionic and to have lost its 6s electrons. ·On the 

other hand, Eu metal still retains these 6s electrons to a large 

extent. Now consider.an Eu metal source_and EuF
2 

absorber. Then it-

follmvs from this discussion that 

l ~ 4-''l(o)- "2. l\'2 (ojl < o_. 
LA _s '1 . (118-~) 

. . . . . . 

& E= ~E b - '~E =-1.5- (-. 82) =~0 .7, ·Eq'. (117-1) gives .S~) 0 • . a s source · · 

This result is not ne'tv-, but we have tried to illustrate the type of 

reasoning, useful in interpreting isomer shifts. A full discussion of 
" ·; '1.51 ... 

the nuclear deformation parameter .SR , for. Eu · , has been given by 

Barrett and Shirley42 and by Shirley. 34 

For europium compounds, it is useful to ":v-rite the electronic 

configuration for Eu2+ as 4f7 5s 2 6sx. The.parameter xis then a 

meas-;;re of the 6s 
2-t.. 

c:~a:-acter of Eu ' ::.n: a given environ~ent. vi'hile the 

5s elect:-cns do_ no'; app:-ec::.a;,ly change from compound to compoun:d, ·.they 

are written ex~licit1y to emphasize 'that they are strongly shielded: by 

the 4f electrons. ·This is very important if a 4f electron is lost; for 

3+ 6 2 X example, in going to Eu ,. 4f 5s .6s • All things remaining equal,_ the 

E 3+ 1 . 11 < .. 1 5 1 d i h . d u nuc eus 'tvl. now see a arger s e ectron. ens ty. T ese consl. er-

··ations are pertinent, since the source employed contained Eu151 in 

.. '·.-: 

~ui+o3 • ·-The ~onfigt;r·atioh~f Eu3+ is 4£ 6 sei 2 6s0• and 'We assume that the,. 

s electron density is.maximal here due to the loss of a shielding 

smaller electron density. Thus by Eq; (117-1) a negative isomer shift 

. 2+ 
is predicted for Eu relative ,:· 

.,.· 

h 
. 3+ .. - 2+ 

to t e Eu , source. · Eu . in EuF
2 

is 
...)· 

) :~ 

I 

\o,.· 

I 

i 

,·'. 

. '·· 

.. ·.., .. 

~~----~~--------------------------------~~.;~-~~~--------~-----------~~--~~~~~~~~~ 



.. 

-119-

probably the best available approximation to europium in the config

uration 4f7 Ss 2 6s 0 . The high electronegativity of fluorine argues 

strongly for an ionic configuration for Eu in this lattice. For 

intermediate configurations, i.e., Sf
7 

Ss 2 6sx, shifts of the type 

(119-1) 

are expected. That is, as 6s electrons are added, the charge density 

at the nucleus increases and the chemical shift decreases in magnitude. 

Closely related to ·the electron densities are the accompanying 

spin densities. The spin density may be thought of as consisting ,of a 

constant "core" contribution .arising from non-6s electrons and a vary-

ing contribution-arising from the 6s electrons. Thus we may write 

schematically 

(119-1) 

71,72 
(Our use of.the word "core" differs from that of some authors, 

who consider the net internal field, H. , to be the core polarized 
~nt 

field.) It will be recalled that the "core" contribution is negative 

and the field due to the 6s electrons is positive and increases with 

X. Relating these remarks to our isomer shift comments, we expect 

Hint to decrea·se in magnitude as X approaches the value 2. In our 

experiments, H is quite large compared with the Lorentz field core _ 

(7 kOe). Furthermore, the dipole field at the nucleus in a cubic 

lat~ce is negligible. Finally, our measurements were performed with 

multidomain crystals, so that the average demagnetization field 

vanishes. For these reasons we consider Eq. (119-1) as exact. 

Equation (119-1) may be better expressed as 
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(120-1) 

where X.. is the number of 6s electrons. Likewise, the chemical 

shift may be written 

(120-2) 

Equations (120-1) and (120-2) may be summarized by writing 

(120-3) 

Thus· in the approximation we have assumed, the core polarization .· 

mechanism implies a linear relation between internal field and isomer 

shift. To test this we have plotted Hint vs dE for Eu metal, EuO, and 

EuS. The result is showri in Fig. 44, and a linear relationship is 

verified to within experimental errors. 

This agreement, while supporting the proposed model, must be 

accepted with some reservations. It is well to point out again that 

for our purposes, the core polarization (CP) model rests mainly on a 

simple physical picture of exchange interaction between paramagnetic f 

electrons and individual spin angular momentum. As a result the fields 

from inner s electrons and outer s electrons are oppositely polarized. 

Actually the sum of these fields represents the difference of two large 

22 numbers. Basically, Fig. 42· should be interpreted only as shov1ing 

that CP is a reasonable qualitative description of the observed internal 

fields and shifts. 

An immediate deduction from Fig. 42 is the "core" polarization 

field, in the absence of 6s electrons; this is H = 370±20 kOe. 
core 

This is somewhat larger than that fqund from Eu2+ in CaF
2

; Blumberg and 

Eisinger gave this value as 340 k0e. 73 The small discrepancy may be 

d 1 . . . . . f ~ . . h .c 2+ . ue to s lgnt aevlatlons rom purely lOnlc c aracter Lor Eu ln CaF2 . 

~ ' 
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Fig. 44 Internal field as a function of isomer shift. 
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Finally, we obtain a relation which may be used to determine the 

6s character of europous compounds as a function of their chemical shift. 

This is accomplished in the following manner. The equation 

£ E = ~ E 
I + 0( X. &E core is one equation in two unknowns; to find 

core 

and 0(
1 

, two sets of values for ~ E ar{d x are needed. These are deter-

mined as follows. For EuF , we assume x = 0 and use the value for 
2 

J E = -1.50 em/sec. Thus one set of values is available. For the other 

set, consider free europium atoms for which x = 2. No Mtlssbauer measure-

ments are available for this case, but ,& E may be deduced from Fig. 44, 

which implies the empirical fonrrula 

~· L= -/57$'E +135" 
\~1 

v1here ~ E is in em/ sec and H. is in kOe. H for Eu atoms was 
Lnt int 

obtained from spectroscopic data as 70 kOe. Hence 

( -03 
dE -t· = _157 = o.lfli.f CV1jsec... 

EIA 0. 0~ . 

(122-1) 

(122-2) 

This completes the variables needed to determine ~1 and S E . Thus ,core 

an explicit relation between isomer shift and 6s character for europous 

compounds is obtained. Figure 45 gives a useful plot of the function 

defined by Eq. '(120-2). This allows the 6s character of europous 

compounds to be determined from their isomer shifts, as shown in 

Table VIII. It is not our intention to enter into a discussion of the 

chemical implicati~fis of Table VIII. However, it is interesting that 

the chalcogenides have an incomplete ion:i.c character. 

In summary, a relatively crude model for core polarization has been 

shown to give a correlation between internal fields and isomer shifts 

in dipositive europium compounds. It is clear that it remains for 

• I • 
! 

.. ) 

... 

,. . 
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Fig. 45 Relation between isomer shift and 6s character 
for europous compounds. 
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Table VIII. 6s Character of several euroEous comEounds. 

ComEound .JL X. Hint 
. , . 

Eu 0.82 0.707 265 
EuO 1.19 0.32 320 
EuS 1.26 0.25 335 
EuSe 1.26 0.25 (335) 
EuF2 1.50 0 
Eu(OH) 2 1.50 0 

future experiments with magnetically ordered europium compounds to 

determine the range of validity of the model. In particular, experiments 

with ferromagnetic hydrides of intermetallic compounds would be interest-

ing. 

j, 
•' 

\.': 
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VII CURIUM EXPERIMENTS 

Introductory Comments 

Unlike europium and iron, curium does not possess an isotope which 

is a M~ssbauer nucleus. 3+ Fortunately the departure of Cm from ideal 

S-state behavior is probably best displayed by ESR, and the lack of a 

M~ssbauer nucleus for this ion has not proved to be a handicap in 

detecting this deviation. 

As mentioned earlier, em3+ is nominally in a 5f
7 

configuration,_ with 

8 
ground term s7/2. 

3+ 7 
similar to Gd 4f 

chemically. Also, 

In this approximation em3+ would appear to be quite 

8 s712 . In fact, both ions resemble each other 

3+ 74_ 75 
early ESR -vmr_k with Cm in Lacl

3 
' and lanthanum 

75 double nitrate crystals attributed to it a spectrum characteristic of 

Gd3+. (The ESR of Gd3+ consists of seven lines characteristic of a 

level >·lith total angular momentum J and isotropic g value 1. 991.) How

ever, it will be shown that spectra of Gd3+ and em3+ are dissimilar, 

3+ . 
and that the Cm resonance usually consists of a single line with 

strongly anisotropic g value. 

Prior to the experiments described below, Dr. Brian Judd pointed 

out certain theoretical discrepancies arising from the earlier reported 

3+ 3+ 
similarity of the ESR of Gd and Cm . Since Dr. Judd's comments served 

as an initial stimulus to the work we repeat them here as a useful 

introduction to the experiments. Atomic beam measurements
76 

had determined 

the Lande g value for Ami, 4/ 6s
2 8

s
712

, as 1.937. This value was quite 

different from the value of 2.00 implied by pure Russell-Saunders coupling 

3+ 
or from the value of 1.991 reported for Cm In general, L-S coupling 

3+ 
breaks down with increasing atomic number Z, and since Z(Ami) < Z(Cm ), 
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3+ one expected the departure of the Cm g value from 2.00 to be greater 

3+ 
than the reported departure for Ami, i.e., g(Cm )< g(AMI)=l.937. Also, 

theoretical calculations by Runciman
77 

for the electronic eigenfunctions of 

em3+ were ava:ilable; which allowed the computation of g(Cm3+)=1. 913.- Hmv-

78 ever, experil!\ental.evidence on Pul obtained by Lamrnermann and Conway indi-

cated that the spin-orbit coupling constant had been overestimated by 
l • 't 

Runciman. Thus, roughly speaking, em3+ was .nearer to LS coupling than indi-

3+ cated by Runci~n's wave functions, and we would expect g(Cm ) > 1.913. 

This, together w~th'the Ami results, gave the inequality 1.913(g(em3+)< 

1.937, whereas the reported value was 1.9991.· 
.( ; 

The similarity between the reported minute zero-field splittings of the 

3+ 3+ ground levels of Gd and Cm was also puzzling, because Runcimen's eigen-

functions gave th.~ ground state of em3+ as being only 72% pure 8s7 12 . Thus 

the substantial non-S terms admixed into the ground level would be expected 

to interact strqngly with the crystal fields resulting in large zero-field 

splittings. ·Small splittings would be expected only in the event of a 

fortuitous cancellation of the mechanisms responsible for the splittings. 

With these r~marks as background, we now turn to the experiments. 

Much of the early work was done in collaboration with Dr. Marvin Abraham 

and Dr. Brian R. Judd, while in later experiments we worked closely with 

Dr. Tom C. Parsons. A preliminary report of the work may be found in 

reference 79. 

A. ESR in Trichloride and Ethylsulfa.te Crystals 

1. Ethylsulfate Experiments 

a. Crystal Preparation. em3+ was substitutionally grown into single 

crystals of lanthanum ethylsulfate (LES), La(C2H5S04)3 · 9H20. About 30 

'' 

'. 
~,;; . 
I' 
I 
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. f 3+ . 1 1 . dd d 500 "\ b k . m~crograms o Om ~n HC so ut~on was a e to a -A ea er conta~n-

ing saturated LES solution and a small LES seed crystal. This procedure 

\vas carried out in a Berkeley box with sufficient ventilation to ensure 

a convenient growth rate for the crystal. It was found that 6 to 18 hours 

was adequate to obtain a single crystal suitable for resonance work. The 

crystals nominally weighed about 100 mg. 
- 244 

To protect against the Om 

alpha activity, the crystals were either coated with acrylic resin or 

carefully wrapped with 0.001-in.-thick Mylar tape. Finally the crystal 

was glued on the rotatable platform in the cavity shown in Fig. 15, 

Section IV.B. 

After the experiments were completed, the crystals were assayed to 

3+ determine the amount of Cm. , which was found to vary between 1 and 20 j<j 

for the seven different crystals that were grown. 
3+ The Om went easily 

3+ 
into the ethylsulfate lattice substitutionally for La 

b. ~erimental Data. At room and liquid nitrogen temperature (77°K) 

no resonance absorption was found. At 4.2°K a single anisotropic line 

was observed which could be described by the spin Hamiltonia~ (S = 1/2), 

(121-1) 

with gl\ = 1.925± 0.002, and g..L= 7.73-J: 0.02. Using these principal 

values for the spectroscopic splitting factor and the relation 

(127-2) 

we have plotted in Fig. 46 a theoretical curve for the g value variation 

with angle 8 from the c axis of the crystal. Also shown in the figure 

are the experimentally measured g values for a typical run; and the 

!. 
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Fig. 46 Angular variation of the cm3+ resonance in LES. 
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agreement is excellent. 

Wh~le other spurious lines due to impurities were measured and 

3+ 
identified, no other line was found which could be attributed to Cm 

Before the em3+ experiments were performed, blank crystals of the host 

lattice were examined and the impurity spectra determined. 

2. Lanthanum Trichloride Experiments 

a. Crystal Preparation. Again cro3+ was grown substitutionally for La3+ 

in anhydrous Lacl3 crystals. Two crystals were grown by Mrs. Ann Nichols, 

while a third crystal was used which.had been grown some years ago by 

Dr. John Gruber. The crystals, in the form of cylindrical rods, were 

encased in polyethylene tubes sealed at each end with acrylic resin prior 

to the experiment. · On the completion of each experiment the crystals 

were assayed. The Nichols crystals contained about 10~5 of em3+, 

while the Gruber crystal was more concentrated and contained more than 50~j· 

b. Experimental Data. As with the LES experiments, no lines were found 

at 77 or 300~. However, at 4.2°K three prominent lines were observed, 

in addition to the known impurity resonances found in blank·crystals. 

The roost intense line was quite similar to that observed in the LES 

') 
exper~roents. It may be described by its g values, g

11 
= 1.935 ± 0.002 

and g.L = 7.67 ± 0.02. Using these values we have plotted its angular 

dependence in Fig. 47. Again the agreement between experiment and 

thcor~ticnl curv~ is quite good. 

The two other lines, which could not be attributed to impurities, 

were observed. They were both extremely weak in intensity in the 

perpendicular position (8:::,-z), but quite intense in the parallel posi

tion (ll=O). In the parallel position their respective g values were 

.I 
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Fig. 47 Angular variation of the cm3+ resonance in 1ac1
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found to be 9.so± 0.02 and 5.34 ± 0.02; but no direct experimental 

measurement was possible, for &= 1}'z.. In Fig. 48 we have plotted the 

angular dependence of the lines, together with theoretical curves for 

lines with gl. = 4.00, g
1
: = 5.34, and g.l..= 3.35, g

11 
= 9.50. The agree-

ment is not so satisfactory as >vith the main line. However, the intensity 

of the other lines for {} >. 55° was so small that it vms impossible to 

follow the lines entirely to the perpendicular position. Also, the 

lines broadened with diminishing intensity, thus enhancing errors in the 

0 0 
determination of their g values in the range 50~ B ~ 80 . It is clear, 

however, that the curves given allow a reasonable estimate of gL for 

the lines. 

B. Further Experiments 

1. Lanthanum Double Nitrate Experiments 

3+ 3+ 
The ease with which the Cm substituted for La in the ethyl-

sulfate and trichloride crystals suggested that experiments in lanthanum 

magnesium nitrate (LMN) crystals might be feasible. In addition, 

reference 75 had reported a Gd3+ type em3+ spectrum in the similar lattice, 

magnesium bismuth nitrate. 

Initial c·rystal-growing experiments using trace amounts of em244 

activity showed that despite a high discrimination rat~o for cm3+, the. 

latter could be grown in the double nitrate lattice in appreciable 

quantities. Using techniques similar to those with LES crystals, we v7ere 

able to grow microgram quantities of Cm in the :U.Vil'l" crystals. However, in 

3+ ' 
four different crystals, attempts to observe a resonance due to Cm at 

300, 77, 4.5, and 1° K proved fruitless. The crystals were assayed after 

experiments, and the Cm content was verified as being in the 5 to 10 ;U3 
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range. Direct evidence ~uring experiments for the em activity being 

somewhere in the lattice ·Has given by intense radiation damage centers. 

The damage was characteristic of irradiated double nitrate crystals and 

consisted of three closely spaced lines at g = 2.003. The lines are 

presumably due to NO molecules, and have been reported in detail in 
. 2 

80 
earlier literature. 

In order to avoid the radiation damage, a fifth crystal was grown 

h 
3+ . . 

wit ~ 0.5 _pg em actJ.vHy. This successfully avoided the radiation 

3+ 
damage problem, but again no em resonance was detected. We shall 

comment on possible reasons for these results in the discussion, 

Section C. 

2 h f f
. 245 

• Searc or Hyper J.ne Structure Due to em 
3+ 

During the resonance work with Cm in LES, it was observed that 

the line width in the parallel position was quite parrow, approximately 

3 Oe. The damage in this crystal, while appreciable, could be mini-

mized by rapid crystal growth, thus leaving a reasonably clear background 

in the region of g ~ 1.93. These facts indicated that observation of 
II 

245 
the resonance due to the odd isotope Cm might be possible.· In the 

later stages of this work, a suitable LES crystal \vas growl1 in less 

than 3 hours from the time of addition of em3+ acti~ity to the crystal-

grmving solution. The crystal was placed on the rotating platform in 

the microwave cavity to ensure proper orientation of the c axis of the 

crystal, since cm3+ lines we~e sharpest in the g 11 position. The crystal 

was cooled to 1°K; the observed spectra in the parallel position are 

shown in Fig. 49. .The four satellite lines of the c 3+ m line at 3470 Oe 
0 

were found to be sharp only within :l: l of the parallel position and were 
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Fig. 49 ESR of CmJ+ in LES, 8 = 0°. 
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sharpest ate= 0°. 
0 

For angles greater than 1 they broadened and 

decreased in intensity unti 1 they were no longer visible at e = * 2.5°. 

Owing to the amplification used in the recording of the spectra, two 

dd . . 1 . 11. f h 3+ 1. . .bl a 1t1ona 1ntense sate 1tes o t e em Lne are not v1s1 e. In all 

experiments it Has observed that when le[~ + 0.5°, two satellites at 

H± 6 Oe appeared. 
' '3+ 

His the field of the em resonances. These lines 

were attributed to a dipole interaction betHeen the em3+ ion and protons 

from surrounding Hater molecules. (The paramagnetic site in LES is at 

the center of a regular triangle of water molecules, each of Hhich is 
0 

~/,sA distant.) 

C. Discussion 

1. Main Curium Line 

The single dominant line due to em3+ in the lanthanum ethylsulfate 

and trichloride crystals may be interpreted as due to a large crystal 

field interaction leaving a \~ 1/2) doublet lowest. This implies an 

effective spin S = 1/2; and a spin Hamiltonian consistent with these 

assumptions is 

(135-1) 

The real Hamiltonian is assumed to be of the form 

(135-2) 

where J = 7/2, gL is the. free-ion Lande g value, and D represents the 

(dominant) crystal field term; we assume D)) g~ H. ·~vhen H = 0, the 

loHest level irr~lied by Eq. (135-2) is \~ 1/2/ and we take this 

as the zero of energy. ~llien. the external field is applied parallel to 
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the z axis the energy levels are 

(136-1) 

In the effective spin formalism the levels are 

(136-2) 

hence, 

For H I) x, notice thai 

(136-3) 

or 

4o. =<j = 4q. 
JL .l Jl/ (136-4) 

Equation (136-4) is ·well obeyed by em3+ in the LES lattice, and the 

small departure in the lanthanum trichloride lattice may be attributed 

to higher levels (e.g., ) ±.. 3/2 j) adm:Lxed into the ground crystal field 

state. That is, if D~ gf'H in the Lacl3 , then it is no longer accurate 

to compute g values in the perturbation approach used above for g-L . 

The Hamiltonian 

(136-5) 

must be diagonalized when H \\ x, and the raising and lowering operators 

J+ and JJ ·Will mix \± 3/2) states into the supposed ground level l ±1/2) . 

Since g -L is zero for these states the effect will be to lov7er the 

observed value of g~ for the ground state. Hence in this case. 

This is c;onsistent with the smaller crystal field splittings found in 

. . .:1 . . f 5Gd3+ . tne tr~ch or~de or ~on. For the sake of completeness, ·we show in 

Fig. 50 ~he zero-field splittings for Gd
3+ in LES, LaC1

3
, and u~ crystals. 
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The very small zero-field splittings for Gd3+ in Lacl3 are evident, 

thus implying the greater admixture of higher levels into the ground 

state as mentioned above. 

2. Additional Resonances in LaCl3 

~ The two lines whose behavior is shown in Fig. 48 are more difficult 

to understand, and at present we are unable to give a complete explana-

tion for their origin. It is quite likely that they arise from 

transitions between the ground level \ ±1/2) and higher components, 

e.g., \-:1:.3/2) However, no simple energy level diagram based on 

Eq. (135-2) is consistent with these two lines, and it appears that 

additional experimental data are needed before a complete model for all 

the resonances of cm3+ in Lac13 will be forthcoming. More information may 

will be derived from experiments at higher frequencies, e.g., 35 Gc. 

These would offer the possibility of observing additional resonances due 

to the higher fields and increased level splittings and crossings; i.e., 

transitions of the type 

\±\/2:) ~..., 1 ± 3/2) ~.., I± 5/2) 

etc. would be likely. 

3. Satellite lines in LES crxstals 

It was hoped that under conditions of minimal radiation damage the 

hyperfine structure due to cm245 might be .observe.d. Howaver, it is 

difficult to reconcile the intensities of the satellite lines relative 

to the ~a~n ·em3+ line with the relative intensities expected of hyperfine 

1 . f ' 245 
~nes rom Cm . The observed relative intensities are 1/20. On the 
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Fig. 50 Zero field splittings for Gd3+ in several 
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245 
other. hand, the relative abundance of Cm in the sample was 0.7%; 

245 . h h b I 81 the spin of Cm ~s t oug t to e 7 2, thus the expected relative 

inten~ity is (1/8)(0.7/100) 1/1000. Finally, the spacing of the lines 

indicates that there are four visible equally spaced lines with an 

additional two lines hidden beneath the main em3+ lines. This is con-

sistent only with a spin of 5/2, which is not in agreement with the 

systematics of the region of -deformed nuclei, which includes cm245 . 

Thus it must be tentat~vely assumed the lines are not due to the 

hyperfine structure of cm245 . 

It is possible that they may be due to radiation damage, or due to 

dipole coupling with several neighboring water protons. However, the 

latter possibility is not in keeping w~th the equal intensities of the 

observed lines, since dipole couplings usually imply a.satellite 

structure whose relative intensities are given by binomial coefficients. 

In order to check the radiation damage conjecture the crystal was 

allowed to warm to room temperature for 72 hours and then was cooled 

again and investigated. It was found that the main line had broadened 

to a line 'tvidth of 20 Oe in the parallel position and that the relative 

3+ intensities of the Cm and radiation damage line at g = 2.00 had 

decreased from 5/1 to 1/10. ,Finally, no structure at all was visible 

3-'-
on the Cm ' at B= 0°. It is clear that it is not possible on the basis 

of these data to decide the question of the origin of the satellite 

lines. 

We ~ention in passing another interesting feature of Fig. 49. This 

is the extensive and nearly symmetrical structure surrounding the charact-

eristic damage line at g = 2.00. This structure extends over a range of 
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~75 Oe centered about H = 3335 Oe. 

4. Lack of Resonance in LMN Crystals 

Turning to the experiments with em3+ in the IMN lattice, we notice 

from Fig. 49 that t:he zero-field splittings for Gd3+ in LMN are smaller 

than in the LES. If there were an analogy with Gd
3+ one would expect a 

resonance in the D1N crystal unless the crystal field levels were inverted 

or the cm3+ ions were not occupying well-defined lattice sites. There 

appears no direct way of determining which is the case, but it may be 

0 

observed that the nearest-neighbor distances are smaller (2.64 A) in the 

0 

double nitrate than for the LES or Lacl3 lattices (2.95 A). In addition, 

the immediate symmetry of the rare earth ion in LES and Lacl3 crystals is 

nearly identical, but ·is different from that in the double nitrate. These 

factors argue for a somewhat different crystal field effect in the LMN arid 

hence possible level inversion relative to LES of LaC13 . These remarks 

may be verified by noting the similarity of rare earth spectra in LEs82 

83 
and LaCl · 3 lattices, while great differences are often observed when 

these ions are grown in the double nitrate lattice. 82 

One other possibility should be mentioned. Paramagnetic centers, 

such as N02 molecules, if present in sufficient numbers may broaden the 

line, because of spin-spin interaction, and cause it to disappear. Our 

experiment with a cryst'al that was very dilute with respect to em3+, 

hmveve.r, st'ill was unsuccessful. 

5. Conclusions 

. . 3+ 
The '•paramagnetic resonance of em in LaC13 and LES crystals has 

been described, together v7ith further experiments in ilvJ.N crystals. It 

'~ 3+ 7 3+ 7 appears that Gd 4f and em 5f are quite different with respect to 

"-' 
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ESR. Previous experiments with em3+ had all been performed at tempera-

0 0 
tures ~ 7.7 K; had they been carried out at 4. 2 K results similar to 

. 
ours would undoubtedly have been obtained, since the crystals contained 

ff . . f 3+ . dd. . h . .c • Gd3+ . . . su ~c~ent amounts o Cm ~n a ~t~on to t e ~nter~er~ng ~mpur~t~es. 
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VIII. SUIYlY.tARY 

Because of the diverse nature of the experiments discussed in 

previous sections, it is worthwhile to summarize our results in this 

concluding section. When we recall the objective of studying depart.;.. .. 
ures from perfect S-state behavior, it is clear _that additional infor-

mation, not specifically within this area, has been obtained. In this 

category belong the paramagnetic relaxation effects found in the 

metallo-protein ferrichrome A. This work has experimentally shown for 

the first time that the MBssbauer effect may be added to the already 

existing techniques for detection of electronic spin lattice relaxa-

tion rates. Indeed, the ME offers one of the few methods for this 

type of measurement in zero external magnetic field. In addition, we 

have indicated in qualitative terms the internal fields to be expected 

from various crystal field levels. Finally, a theory was described 

which allows a quantitative estimate of the para~~gnetic relaxation 

time to be made from the MBssbauer spectra. Further studies of fields 

in other paramagnetic compounds having long electronic relaxation times 

will probably become an interesting area of research in M1:3ssbauer 

spectroscopy. 

The europium experiments offered an opportunity to correlate 

internal fields and isomer shifts in magnetically ordered compounds. 

It has been shown that the core polarization mechanism is a useful 

model which is in.general agreement with the experimental data. The 

description of EuO as a nearly ideal.ferromagnet was verified by 
·; 

observing the temperature dependence of the internal field in this 

ordered compound. 

I 
.I 
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. 3+ 
Finally, the Cm experiments employing ESR have detected the 

anamalous behavior of this S-state ion. The experiments were also 

useful in raising questions concerning the electronic level system 

in the lanthanum double nitrate lattice. In addition, the peculiar 

satellite resonances observed in lanthanum ethylsulfate crystals await 

future explanation. It is hoped that these questions will be 

systemmatically explained as more information concerning the para-

magnetic resonance of the actinides is obtained. 

v 

• 

• ru• • ,,._, '...,.,. •v•w ""~ -.• .., . .-, 
...•. " ~-. '· ' .. ., .... 
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APPENDIX A (CONT'D.) 

Eigenvalues for the FA Hamiltonian 
T v· 

Ei is the eigenvalue of lfli. 

.• \ 
A.xlO -E1 -E2 +E3 ----,;.,.- ------- ------
0.00 2.6667 0.66667 3.3333 
0.25 2.6733 .66106 3.3344 
0.50 2.6930 .64448 3.3375 
0.15 2. 7251 .61760 3.3427 
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