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ABSTRACT

Cavanagh, John Francis 3rd. Ph.D., Purdue University, June 1969.
MBssbauer Studies of the Transition Element Halides.  Major Professor:
James G. Mullen.

57
The Mdssbauer effect in Fe has been used as a probe to study

57
the temperature dependence of internal fields at Fe   nuclei in CoC12

and CoF2'  COC12' a metamagnet, exhibits both ferromagnetic and anti-

ferromagnetic properties, while CoF2 is an antiferromagnet. . Above the

Ne'el temperature quantitative agreement was found in both magnitude

and temperature dependence between the measured value of the electric

57
field gradient at an Fe nucleus in a substitutional cobalt site in

COC12' and that calculated by means of crystal field theory.  The ob-

served asymmetry in the quadrupole doublet lines of the spectrum is

also explained on the basis of an anisotropic crystal binding.  The

MBssbauer source spectra of CoF2 was found to contain two quadrupole

doublets.  One doublet had the characteristic splitting and isomer

2+ 3+
shift of an Fe ion while the other indicated an Fe ion. The same

57
sample when used as an absorber containing a small amount of Fe

2+
showed only the expected Fe lines in its resonant absorption spectra.

This observation, the first of its kind for a material with such a

large characteristic Mdssbauer temperature, suggests a local lattice

distortion following K-capture and the subsequent emission of an Auger

3+.
electron,·as the explanation of the origin of Fe  ions in the CoF2
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57
source.  The NAl temperature for Fe   in (0(12 and CoF2 are measured

to be 25 f 2'K and 38 E l'K, respectively.  The hyperfine field param-

57eters below the Ne'el temperature were determined for Fe
in both CoC 12

and CoF2.  At 10'K the magnetic field at the nucleus was found to be

+ 49 & 2 kOe in (0(12.  In CoF2 the magnitude of the magnetic hyperfine

field  was mea sured  as  245  *  2  kOe  at 11'K.. Assuming  the   sign  of  this

field to be negative in the latter case, as found for other similar

antiferromagnets, a positive sign is indicated for the component of

the electric field gradient tensor V . Although the MBssbauer spectra
ZZ

below TN are complex, it is possible to explain the experimental results

in terms of a general magnetic dipole and electric quadrupole inter-

action.
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I.  INTRODUCTION

1The discovery by' Mossbauer  in 1958 of recoiless emission and

absorption of gamma rays by nuclei bound in a crystalline lattice made

nuclebr resonance spectroscopy a practical laboratory tool.  Previous to

this time, resonant absorption or scattering experiments with gamma rays

were difficult or impossible, because the recoil energy of the nucleus

arising from momentum conservation in the emission or absorption process

is typically several orders of magnitude greater than the linewidth of

the emitted gamma ray. This recoil energy shift is more than sufficient

to destroy the resonance conditions. Some success in resonant scatter-

ing experiments was achieved by introducing a Doppler shift to compen-

sate for the recoil energy, either by means of a high speed rotor or

thermal motion.  Mossbauer, however, was able to show, by applying

2
Lamb's theory  of resonant neutron capture in solids to the case of

gamma ray resonance in solids, that there is a finite probability that

the nucleus will emit or absorb a gamma ray, without an accompanying

change in the phonon states of the crystal. The recoil momentum is

transferred to the entire solid and not just to an individual nucleus.

In this case the recoil energy is reduced to a value which is completely

negligible in comparison to the minimum gamma ray linewidth required by

the uncertainty principle.  Hence, resonant fluorescence of gamma rays

can occur for nuclei bound in solids.
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For purposes of illustration, consider the most frequently used

57
M ssbauer isotope Fe This is a naturally occurring isotope with a

57
relative abundance of 2.2  percent.  It is also the daughter of Co

whose decay scheme is shown in Fig. ··1.,, The 14.4 keV gamma ray emitted

57
by Fe during the transition from the first excited state to the ground

state is employed in Mossbauer resonant absorption experiments.  This

-8
gamma ray has a natural linewidth of about 10   eV and can be Doppler

shifted over a range of 100 linewidths by,a relative velocity of only

1 cm/sec.  In resonant absorption experiments the transmission of 14.4

57                                          57
keV gamma rays from a Co source, through an absorber containing Fe

is measured.as a function of energy.  The spectral region may be scanned

by moving the absorber relative to the source.  This method of scanning

a spectrum by Doppler shifting has given rise to the practice of ex-

pressing energy .shifts in units of velocity (mm/sec) in Mossbauer

spectroscopy.-:

The  .na rrow   linewidth   of the gamma ray makes the resonant absorption

spectrum ·very sensitive to changes in the nuclear energy levels.   The

Mossbauer.effect permits the direct observation of ·the splitting of

nuclear levels in crystalline fields.  Since nuclei possess magnetic

dipole,moments and electric quadrupole moments, their energy levels

will be split by interactions with magnetic fields and electric field

gradients, respectively.  If the magnetic moment and the quadrupole

moment of both' the ground and excited states are known, the· MBssbauer

effect can be .used to measure microscopic ·internal fields ·in solids.

This application of the .Mossbaue.r effect was recognized soon after

Mossbauer's discovery, and by 1961 the use of the -Mossbauer effect in

4
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57
Figure 1. Decay scheme of Co
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measuring internal fields in solids was already the subject of a review

3
article.

In addition to 'the t o interactions mentioned above, there is also

a monopole Coulomb interaction between the nucleus and the atomic elec-

trons.  This interaction produces a shift in the relative position of

a resonant absorption line.  This so called isomer shift is proportional

to the total electron density at the nucleus and reflects the charge or

valence state of the atom.

57An electric field gradient at the Fe nucleus has no effect on the

ground state since it is an I= # state and, hence,.has no quadrupole

moment.  The I= 3/2 excited state, however, has a finite quadrupole

moment and is split into two states by an electric field gradient.  This

causes the appearance of a doublet in the Mdssbauer spectrum, whose

separation is a function of the electric field gradient, as shown in

Fig. 2a.  A magnetic field will split both the ground and excited states

of Fe· into two-and four states, respectively.  This splitting of the

nuclear levels and· the selection rule Am = f 1,0 lead to a Mossbauer
spectrum consistinR of six lines whose relative spacing is proportional

to the magnetic field.  Fig. 2b illustrates this· schematically.  ,In the

case of a combined magnetic field and electric field gradient at the

nucleus, m will, in general, no longer be a good quantum number.  This

leads to the presence of as many as eight lines in the Mossbauer.pattern

as shown in Fig. 2 c. Although the pattern may be quite complex, methods

4-7
exist for determining the value of both the magnetic field and the

electric field gradient from the relative position and intensities of

the lines.
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.

The Mossbauer effect has been used to study internal fields in a

8
great many iron compounds .  There has been very little use of the

M8ssbauer effect in the study of cobalt compounds probably because of

expected complications resulting from possible Auger aftereffects.

9                                                  57
Wertheim  observed two distinct spectra for CoO containing Co These

2+      3+
spectra had isomer shifts corresponding to Fe and Fe ions. Normally

2+
Fe   ions would be expected for iron in cobaltous oxide.  Wertheim

attributed the observation of a higher charge state to a slow relaxation

to  electronic equilibrium ,  following K-capture in the radioactive

57
decay of Co  .  The hole in the K-shell, which occurs after the K-capture

results in an excitation, which is dissapated by.both x-ray emission

and the ejection of Auger electrons.  In elements with a low atomic

number such as iron (Z = 26) the latter process is more probable by

10
mord than a factor of two. This process of Auger emission leaves the

atom in a higher charge state following the radioactive decay. If, as

Wertheim proposed, the time required to reach electronic equilibrium is

of the same order as the mean life of the first excited state of the

57
Fe nucleus, then gamma rays will be emitted while the ions are in

3+ 2+ 11,12both the Fe and Fe states.  More detailed experiments, , how-

ever, show conclusively that Auger aftereffects are not the origin of

the two charge states observed in CoO.  Similar multiple charge states

13
have been observed in the hydrated CoC12 compounds,   and Auger after-

effects were originally proposed as their origin.  A systematic study

12
of the hydrated CoC12 compounds,   however, suggests that a local

lattice rearrangement, caused by effects associated with previous nuclear

events, can most easily explain the multiple charge states in the
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MBssbauer spectra of these compounds.  Nevertheless, the study of.non-

metallic cobalt compounds has been avoided since Wertheim's interpreta-

tion was assumed to hold in general and thus complicate the interpreta-

tion  of  the Mossbauer spectra  for such compounds.

The object of this research was to use the Mossbauer effect to

study anhydrous cobaltous chloride and anhydrous cobaltous fluoride.

We sought to gain further insight in the formation of multiple charge

states, and to investigate the internal fields in these materials.

Both of these.compounds exhibit unusual magnetic properties and it was

expected that the Mossbauer effect would yield new information concern-

ing their magnetic behavior.

Anhydrous cobaltous chloride has been classified as a member of a

class of materials known as metamagnets. These materials exhibit both

ferromagnetic and antiferromagnetic properties. The bulk susceptability

of CoC12
obeys the Curie-Weiss law for a ferromagnet X = C/(T-Tc), in

14
the paramagnetic region. The specific heat, however, shows the A-type

15
anomaly characteristic of an antiferromagnet. Low field susceptability

measurements show a maximum in the curve which occurs at the same temp-

erature as the specific heat anomaly.  When these same measurements are

made with higher external fields, on the other hand, the susceptability

exhibits saturation effects characteristic of a ferromagnet, although

neither spontaneous magnetization nor hysteresis effects have been

16

observed.  Co(12 has the CdC12 rhombohedral structure   (a =6.16A,

0 = 33' 26'), which may also be viewed as hexagonal layers of cobalt
17

atoms separated by two hexagonal layers of chlorine atoms. Landau

proposed a model of the magnetic structure of this compound which
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postulated an intralayer ferromagnetic interaction and a weak inter-

layer antiferromagnetic interaction.  The high field behavior could then

be explained by the external field overcoming the antiferromagnetic

interaction and bringing about a parallel alignment of the spins.  The

18actual magnetic structure,·,as determined by neutron diffraction studies,

confirms this model.

19
A Mossbauer study of anhydrous FeC12 has been made. This compound

is isomorphous with CoC12 and is also a metamagnet.  An unusual feature

of. the MBssbauer spectrum of.FeC12 is the absence of any resolvable

magnetic field at the nucleus in the antiferromagnetic temperature

range. This was attributed to a fortuitous cancellation to about one

3
part in 10  of the spin-orbit, Fermi contact and dipole-dipole terms

which make up the internal· field at the nucleus. This cancellation

20effect has recently been confirmed by independent investigatars. The

quadrupole interaction in the .paramagnetic region is also very small
2+

compared with many other Fe compounds, and it has a relatively large

temperature dependence.    Ito  and  Ono were  able to explain  the  para-

magnetic quadrupole spectra using crystal field theory.

The Mossbauer spectra of cobalt compounds are made by examining an

iron· impurity·in,a cobalt lattice site.  An analysis of the paramagnetic

57
quadrupole splitting for Fe   in CoC12 has been made here using crystal

field theory. The results agree quite· well with the experimental  data.

The CoC 12 spectra in the paramagnetic region, i.e., above the'Ne'el

temperature, show an asymmetry in the relative intensity of the two

lines of the doublet.  The: asymmetry increases monetonically with

temperature and is believed to be an example of the Goldanski-Karyagin
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21.22
effect ' , which is related to crystallographic anisotropy in the

57
binding of an Fe ion.

Below the N&el temperature the (0(12 MBssbauer spectra are very

complex but appear to indicate that there is a magnetic field at the

nucleus. Unfortunately, the spectra are  not well resolved in this region,

which introduces a large uncertainty into the estimates of the hyperfine

field strength.
23

Anhydrous cobaltous fluoride has the Sn02 rutile crystal structure

a = 4.69A, c = 3.19A).  The lack of a well defined "kink" in its suscept-0
24

ability curve caused Bezette to conclude that
CoF2 was not an anti-

ferromagnet in contrast with the isomorphous compounds
FeF2 and MnF2

This conclusion, however, was contradicted a few years later by neutron

25                                 26
diffraction studies and specific heat measurements, which confirmed

the existence of antiferromagnetic ordering in CoF2.  Even these two

experiments were not in complete agreement. The former gave a Ne'el

temperature of 50'K while the latter yielded a value of 37.7'K.

The hyperfine constants were calculated for both CoC12 and CoF2

and are found to be in reasonable agreement with other similar materials.

Our determination of the N&el temperature, TN' for both salts is dis-

cussed and compared with the specific heat and neutron scattering data.

57                     57
Experiments were done on both Co doped sources and Fe doped

absorbers for both. Co(12 and CoF2.  This was particularly useful for

the latter case where there is not a simple symmetry in the'two experi-

ments, and will be shown to help answer questions concerning the origin

3+
of the Fe resonance found in CoF .

2
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II. THEORY

A.  Recoil-free·Fraction

The probability that a nucleus will emit or absorb a gamma ray

without recoil is known as the recoil-free fraction, f, and is given by

the square of the matrix element:

.+ 0   2
lk•r

f =  ·(n  e In:>1    '

where |n> is the wave function describing the lattice; r is displacement

*'
vector of the atomic motion; and K is the momentum vector of the gamma

ray divided by h. For a solid whose interatomic forces are harmonic,

27
this matrix element squared can be written:

f = exp(-%2<u2>) ,

2
where <u > is the mean square displacement of the atom in the direction

2  2
of motion of the gamma ray.  For a. Debye solid x <u > has a value given

28
by the expression

0/T xdx
·2    <.2 )   -     2  [·i  +   (F I =--] ,

0      e -1

where  R.is  the free nucleus recoil energy;--0   is a characteristic temper-

ature, k is Boltzmann's constant and T is the temperature of the solid.
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Although, even as. an approximation, the Debye model is applicable only

to monatomic lattices with a Debye phonon spectrum, it can be success-

fully used in calculating the recoil-free fraction of more complex

crystals  if the Debye temperature. 0, as determined  from the specific

heat, is replaced by a dharacteristic Mossbauer temperature G '  in the

above equation..   This  G  may not  have  a  close,relation  to  0  if the local
binding of the Mossbauer ion is quite different than hest ions in the

solid.

The recoil-free fraction is determined experimentally by measuring

29the area under the absorption curve. Itcan be shown that this area,

'(S), is proportional to the recoil-free fraction ef the source.  The

area is also proportional to the recoil-free fraction of .the absorbet in

the  case  of thin absorbers.    Thus, for a fixed absorber„the area under

the absorption curve as a function of source temperature can-be written

S = Cf(T) ,

where  C  is the constant of proportionality.  Thus, from the relation

S =C exp[-M2.<u2>] ,

r

we get in the Debye approximation,

6R   1    T 2  .G™/T. xdx
in  S (T)  =    ,enc  -  ke-  [T  +  (r)    j   -         x--1

m                            m o e -1

In the low temperature limit T.<< 0  , we can make the approximation
m

r xdx .2 .   ..,
J   x      6      'o  e -1
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giving,

2    2
3 R 2TT· T

f 2  exp [-·2 ke  (1 +  -3-    F )] ,       or

2
3R 1-r R       2lnS· a  lnC   -  - - -T
2ke         3

m     kem

In the high temperature case where the lattice energy approaches its

classical limit (T· > em/2)

6Rf 2  exp [-    2  T]
kem

and

6R
lnS = lnC -- T

2
k8

m

By using these relations we can directly find the Mossbauer characteristic

temperature, Sm ' from the temperature dependence of the area under the

resonance absorption curves.

B.  Crystal Perturbations of Nuclear Levels

There are three types of interactions between the nucleus and

external fields which are observable  with the Mossbauer effect.    The

first is a Coulomb interaction between the nucleus and atomic electrons.

Thestrength of this interaction is a function of the charge radius of

the nucleus and the atomic electron density at the nucleus. Since the

ground and excited states have different charge radii, there is a net
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shi·ft  in the energy di fference  o f  the two states. If the chemical

environment of the source and.. absorber are such that there is a differ-
ence in the atomic electron density at the nucleus, there will then be

a net shift in the position ·of the maximum absorption, which in the

usual approximations is given by

5 - f . Z '2 [,2 - *21 [,(0)2 - ,(0)21  ,

where Z is the atomic number of the nucleus, R  and R  are the charge
ge

radii of the ground and excited states, and 'p (0)a f and i v (0).s f are

proportional to the total electron densities evaluated at the nucleus

for the absorber and source.  This shift in the energy center of the

30
spectrum is termed the chemical· or isomer shift. The isomer shift is

useful in determining the charge or valence state of the atom whose

nucleus takes part in the resonant emission or absorption process.  In

57                                           2+
the case of Fe below room temperature, for example, an Fe ion · ha s

an isomer shift of about 1.5 mm/sec relative  to meta 1 lic sources  or

3+
absorbers, while an Fe ion has a shift of only about 0.5 mm/sec.

The isomer shift is found to be temperature dependent.  In addition

to the isomer shift another temperature dependent shift is the Jesephson

31                                                        -
shift.    Two approaches can be used to explain this temperature de-

32
pendence. Pound and Rebka view it·in terms of a second order Doppler

31
shift while' Josephson treats it in terms of the mass change of the

nucleds after gamma ray emission.  The methods are equivalent and yield

the same results.  In the.standard Mossbauer units of velocity, this

relative shift.per 'K can be written as.'AV =.(Ci /2c), where C   .is the
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lattice specific heat and c is the speed of light in free space.  In

57
the·case of Fe  , the shift·is of the order of 0.2 mm/sec for a 300'K

temperature difference between source and absorber.

57
A non-zero electric field gradient at the Fe nucleus will split

the I = 3/2 excited state into two energy states.  Since I=1/2 ground

state has no .quadrupole moment, it is not perturbed by an electric field

33
gradient.  The interaction may be written

K =  Q · ( )

where B  is the electric quadrupole moment tensor of the nucleus and  ZE

is the electric field gradient tensor. By choosing the coordinate axes

such   that  vI is diagonal,   and by using  the   fact   that the three component s

of the electric field gradient tensor must obey LaPlaces' equation,

V +V +V = 0, one can express the electric field gradient in terms
xx yy ZZ

of its z-component Q=V  /e , and an .asymmetry parameter  = (V   ·-V  )/ZZ YYXX

V  , such that the quadrupole interaction can be written in the form;
ZZ

K =  2 ( I-1) [3I,2 - 12 + 11(Ix2 - IY2)]   ,

-02
where Q is the component of the electric quadrupole moment Q  , and I

ZZ

is the square of the total angular momentum operator.  For the I & 3/2

57
excited state of Fe  , this Hamiltonian has eigenvalues

E = .4'1 (1 + 4),

with eigenvectors corresponding to linear combinations of the states

| 3/2, & 3/2 > and | 3/2, f 4 >.  This splitting leads to a doublet in
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a MBssbauer spe'ctrum.   The two lines are of equal intensity for powder

speciAens in which the tecoil-free fraction is isotropic.  If:there is

an anisotropy in the recoil-free fraction, there will be ah asymmetry

1·n  the  doublet.    This  is the Goldanski-Karyagin effect'which  will  be

discussed in sectiori C.

A pure magnetic field at.the nucleus interacts with the magnetic

moment of both the ground and excited states as described by the

Hamiltonians:

Ke =  - gi BN H·I· ,  and  .3Cg a - go BN H·I

where g  and.gi are the nuclear gyromignetic ratios of the ground and

excited 'states respectively; B  'is the nuclear Bohr magnetron; and H

is the magnetic field strength. The eigenva lues  9f this Hamiltonian

are given by the expression,

E = -g AN m H

57
where m· is the magnetic quantum number.  Thus, for the case of Fe

considered  here, the excited. state is split  into four states  and  the

ground state is split into.two states. The selection rule for magnetic

dipole.transitions, ·(Am = E 1,·0), restricts the transitidns between

excited and ground state sublevels such that six lines appear in the

magnetically split Mossbauer spectrum.  If the two outer peaks of this

pattern are separated   by an amount  AV,   then   the nia gnitude   of   the   mag-

netic field at the nucleus is given by the relationship:

H =. AV/|(3gl - go)IAN
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In the general case of a combined magnetic field and electric field

gradient at the nucleus, the Hamiltonians describing the interactions

for both the ground and excited state can be written as:

2

Ke =  - glBN H Iz -1- [3I2'.- I2 + .11(I2.i- I2.)] ,
, e qQ

2 I(2 I-1) z                              x          y

and

4 = - g0 BN H Iz   ,

where the z-axis is parallel to the magnetic field and the primed coordi-

nates are the principal axes of the electric field gradient.  If e  and

0 are.the polar and azimuthal angles describing the relative orientation

of the primed and unprimed coordinate systems, one can apply a unitary

transformation to the exicted state Hamiltonian which rotates the primed

system into the unprimed system. In this way the ground state Hamiltonian

remains diagonal.  After performing this rotation the components of the

Hamiltonian matrix can be constructed with the standard raising and

lowering operator formalism. In units of |gl AN H| this matrix has the

form

* *
X X X O11        21      31

 21          X22         0        X42
11*11

*
9                    0                             K31  X33 · 43

0          , 3C42 3C             K
· 43 44
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2

If we define the quantity,  P = . then:e qQ
6.gi, ANH

JC     =   3/2 4-'  (978)P(3cos20  +. Tlsin20  cos24)  -  (15/8)P +11

(3/8)P(3-71 cos24) sin20 ,

3<22       1/2 +' (7-/8)P(3- Tlcos 2'0)sin20 t (118)P(3cos20 t. 11. sin20cos20)
- (15/8)P  ,

X33  = X22-1  ,

· ,                                                               ·                                                                                                                                               'L                •

 44   -  311-3 1 ,

3(:21  = - Ki3 = 3
8 [-3sine cos8 +   sin8(cose cos20 - i ·sin2 )] ,

and

2                      2X    = · X    = . 4-3 P. [3sin 0· + 1cos20 (1+cos 0)-2i 1 cose sin2 ] .31 I.42 4

There is no general analytical solution to this eigenvalue problem

for the excited ·state.  Since the ground state is diagonal for the

ppesent choice of axes, the eigenvalues of the ground state·can be found

in a  straightforward way and are identical to these ·in«.the pure magnetic

field ·case:  If the .values of the parameters H, q,  , 0, and 0 are

known, numerical solutions for the eigenvalues and eigenvectors of the

excited state ·can be found with the use of computer programs for matrix

diagonalization. These solutions and the resulting Mossbauer spectrum

will have the form shown in ·Table 1. Since m is no longer a good quantum
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TABLE 1.

57
General form of the solution for the first excited state of Fe under
a combined magnetic dipole and electric quadrupole interaction and the

positions and .intensities of the relative Mossbauer lines.

ENERGY EIGENVECTORS

El                        all|-3/2> + a21|-1/2> + a31|1/2> + a41|3/2>

E2                       a 12 | -3/2> + a 22 | - 1/2> + a 32 | 1/2> + a42 | 3/2>

E3                         a 13|-3/2> + a23|-1/2> + a33|1/2> + a43|3/2>

E                          814|-3/2> + 824|-1/2> + 834|1/2> +,844|3/2>4

E      goBNH/2G

LINE POSITION RELATIVE INTENSITY

2            ,2            2
E +E 3 all|   +  218 1 +   la  1
1G 1 211 1 311

.2           ',2           .2
E +E 3la I + 2 a I +  .la  1

2 G ' 121 221 1 321

2           .2          .2
E +E la21| + 2la I +  3 Ia  I
1G 1 311 1 411

2           ,2           2
E +E 3 8131   +  218 1   +3 G 1 23'  8331

2            .2           .2
E  - EG              '                   1 3212 |a22|

+   2 Ia  I +  3 Ia  I
1 421

,2            2          .2
E +E 3la I +   218       +   la  I4 G 1 141 1 24 1 341

2            2          ,2
E -E

 823|
+

2 a33|
+  3 Ia  I

3 G 1 431

2            ,2           .2
E  - E.

 a241    +   2la
I +  3 Ia  I

4 G 1 34' ' 441
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numb·er  for the excited state, transitions, can occur beti,een  all  sub-

levels of both the excited and ground states. This leads·to .the 'appear-

ance of eight lines in the hyperfine spectrum..

6
Karyagin has developed a method for determining the quantities H

and 1/2|e2qQ'(1+.T12/3)2 precisely, and n, 0 and 4 approximately from the

experi6entally measured line positions.  These estimates and the computer

generated numerical solutions to the above eigenvalue problem can be

used in a curve fitting procedure to refine the estimates of the five

parameters characterizing the internal fiblds at.the,nucleus.. The

accuracy of this method depends· on how well the eight lines ·in the· Moss-

bauer spectrum can be resolved and their peak positions determined.

Karyagin shows that the eigenvalues of the Hamiltonian.matrix can

be determined from. the peak positions ·in the spectrum.  Once these

eigenvalues have been found it is possible to solve the secular equation

of the perturbation problem for the quantities H and ·21| e2qQ 1/1 + 712/3

exactly, and obtain approximate values for  , 0, and 0 .. If one writes

the secular determinant in the form:

B+C. -1         DE              O

* B
D         5-6-1         0            G E3

2 *
E             0      - -C-1         -D

* *
0 .E -D -B + C -. X

where B = glANH, the algebraic expre·ssions are simplified.

In the process of finding the eigenvalues of the excited state
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from the':line:position's one' al·Ao -obtains the.'ground state'splitting:

AEG = ZOWNH.  Thus

2  1. 2
' . ' : . .  t:              . . =     .,(g . AEG)

The secular determinant can also be written in the form

det|H-XII =  (k-El)(X-E2)(k-£3)(k-E4) = 0

where E. (i = 1,2,3,4) is an eigenvalue of the excited state.  If both1

the determipant an-8 polynomial are expanded and coefficients of the same

power of k are equated, one can obtain equations for the.matrix elements.

With the introduction of the defined quantities:

2
O/ =  IE      k

1    · ' ' · '·.          l ··-            ·'       .'   '                      '                                ·'  4

3

B=  E Ek   '   and
k

1

Y= E E E E  .
1 2 3 4  '

coupled with the relationship El + E2 + E3 + E4 = 0 these equations are:

C  =    -JL2'
18B

2

|E  24.11)12 = 0858 - (2    ,

pi 12     -      11)    2    =             3
1 6 a-58     2'  10     2     2          4

2

2   [81  Y   -    (      9      ) .    +     9   8  -  C      -.89   1       .2B
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It then' follows   from   the de finition of these. matrix elements   tha t

e ='f   e2qQI (1 +.112/3)# =.(et - 582)4
q    Z

Thus exact expressions can be found both for the.magnitude of the

magnetic field and quadrupole interaction. ·It is not possible to find

such explicit expressions for 0, 0, and n.  However, if we define the

quantity X as:

2

X   -  .i   e 2,9   -      31   (1   +  115   1 

ea
whose absoliite value li s in the range   -1  S X. 5-3- , since O 5 1 51,

2/3
and the related quantities Y and Z given by

Y = 2(X-C)/X, and

Z = .Y[(2X +C)2 - 3|E 12]/[4(X-C)(2X +C) - 3|D'2]

then,

2        Y

sin  0  =YtZ         '

N   =     . (4) 2   -3            ,

and,

cos 20 =  (3 -Y- Z)/1
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C.  Goldanski-Karyagin Effect

An exp·lanation for the asymmetry in· Mussbauer quadrupole doublets

21                        . 22
first observed by Goldanski has been given by Karyagin . If the

recoil-·free · fra·ction has an angular dependence due to a'n anisotropy in

the lattice binding, the ratio of the intensity of the doublets in case

of an axiblly symmetric electric field·gradient can be'writte'n:

'IT

I                        Trf i (0) f (0) s ine ·de
-...Tr 0

'IG

  T ic(0)     f(0)     sine    de0

where I  and IC are the intensities of the .|3/2, a 3/2 > to 14, zi:t >

and the |3/2, f t >to   4, f t.>. transitions, respectively.  The sub-

scripts used are standard spectroscopic notation. The terms i (0) and
TT

i (G)  are  the corresponding angular ·parts of the mul-«pole .radiation

probabilities for the two transitiens, i.e.,

2
i      const. (1 + cos e) ,
TT

i      const. (5/3 - ·cos20)
C

In sokids having harmonic forces the recoil-free fraction ·is given

by the expression ·quoted in sectiod A,

f = exp [.-82 <u2>]

The di·sp lacement   of the nucleus   in the direction  of the gamma   ray,
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u, is defined.by

;t... YU=

IKI '  ''

where   is the displacement vector of the nucleus fr.om. its equilibrium

position  in the lattice.    .If the crystal has .axial symmetry about  the

z-axis :as in the,case. .of CoC 12' then  ·
. . . . . .

1 - -
r=i x+k z

with z being the. component of the displacement parallel to axis of

- A
symmetry and x being a component perpendicular to this axis.  i and-k

are unit vectors in these directions. 'Also we have

K - ..

-   =      i·  s i n   et  k   cos   0
·.1 KI

where. 8 ·is measured with respect to the z-axis.  Then, u=x ·sine +z
2 2.2 2·2      2   2

case  and u   =x  sin 0  + 2xz  sine  cose  + z·   cos  e.    Thus  <u  >  =  <x   
2

sin20 + <z2> cos 0  since <x> = <z> = 0.  Using the Pythagorean· identity,

2  .2
cos 0+ sin 0  =  1· ,

,   one can then write the axially symmetric recoil-free, fractipn
:I,

f =   exp{-K2 C (<z2>  -  <xR>)  cos28  + <x2>]]

2If we now let  e = ,|*2(<02> - <x· )| , the ratio of the intensities

of the doublet'can be written

.
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1
2     2

I
f  (1 + cos20) exp[-s  cos 0 -· *2<x2>]d(cose)

1-r                  - 1
I
a 1

j'  (2 - cos20) exp[-62 cos20 - 82<x2>]d(cose)
-.1

2  2Letting cose = t, and factoring the common term exp(-i< <x >), gives

1

f  (1 +t) exp(.-e t)d t
2          2 2

I
FT  =  -1

I                                                ·

a                   ln 5 2 2 2
j           05    -t)     exp (-st     )      d t
-1

Two cases can be distinguished:

e2 5  0  ;   <x2>  2  <z2>

and

2                  2           2
6 2 0;  <x> S <Z>

Performing the integration we obtain the results:

2I 2
_I[ =  (6£  - 3) F(e) + 3161 ee
I                                        2'

a       (10e2 + 3) FQ) - 3 e es

2
when  5  5 0, and where

| |  t 2
F(€) t e dt.
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Figure 3. Calculated quadrupole doublet int3nsit* ratio for an axially symmetric electric
field gradient as a function of g  =A [<22> - <x2>] .
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2
For  6  2 0  we get

2
I          2                         -6_n (66  + 3) vIN  erf(e)   - 66 e
I                                              2'
G 2

(106  - 3) /Tr erf(e)  + 66 e-6

These calculations were performed with a computer·using numerical

integration methods and the results.are· shown in Fig. 3.

34    -
Kagan  , concludes from symmetry considerations that lattice vibra-

tional frequencies .parallel and perpendicular to the axis of symmetry

are independent.  If one then assumes harmonic lattice forces for the
2

crystal, the meah square displacements in both directions and thus 6

can be calculated in terms of a Mossbauer characteristic temperature for

each branch  from. the relations   fz = exp (-*2 <z2>)  and  fx =  exp (- *2<x2>) .

D.  Crystal Field Theory

The primary·cause of an electric field gradient at the nucleus of

2+
an Fe ion is the asymmetric charge distribution of the 3d-"valence"

electron.  A smaller contribution is made by the charge distribution of

the neighboring ions, but it is only on the order of '1%·of the valence

contribution. This outer valence electron will polarize the ferric-like

core of the ferrous ion such that the core will make a significant con-

tribution to the electric field gradient. This effect, however, can be
35

accounted for quite easily by use of·the Sternheimer core polarization

factors.

36
Ingalls   has developed a method for computing the electric field

gradient tensor in ferrous compounds. It consists in first applying
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the crystal field and spin orbit perturbations, appropriate to the

5
particular compound, to the  D free ferrous ion states.  A statistical

average   is then· taken  over the electric field gradient tensor component s

produced by each of the resulting electronic states.

This method will be applied to the case of a ferrous ion occupying

a cobalt site in (O(12'   The six neighboring chlorine ions sprrounding

a cooalt site in this compound are arranged in an octahedron with a

slight distortion along the (111) axis of the octahedron.  This axis is

one of trigonal symmetry and coincides with the c-axis of the crystal.

The crystal field potential at the cobalt site may be expanded in

spherical harmonics, as follows:

V    =        E        A£    rl     Y      (e  '0)
£,m

This potential will have the same symmetry as that of the lattice, i.e.

trigonal, and thus it has the explicit form

o 2o 34 3 -3 4 -3
V = Al r Y2 (0.4)+ A4 r4Y4'(0,0)+ A4r Y4 (0,0)+ A4 r Y4 (0,0) ,

where an unimportant constant term and negligible higher order terms

have been omitted.  By changing to cartesian coordinates this potential

can be written as the sum of a cubic and a trigonal term:

V=V +V , orcubic trigonal

2     2
V= (4(x4 +y 4+z 4- 3/5r4) + BO(3z  -r)

37
Bleaney and Stevens have shQWn that the effect of the dominant



28

5cubic term· is ·the splitting of· ·the D ferrous ion state into a d  and a
Y

4   -1d    state with an' energy .separation of the order of 10   cm   .   At ordi-
€

-1nary tempe'ratu.res· ·(kT - 200cm · ')· the upper d state will not be popu-
Y

lated and thus need not be considered in further calculationsu  The

lower' d·     state  is.three-fold  degenerate,. neglecting  spin, and-is repre-
e

sented by  ·the wave functions,

:.                          .23   , -2   +     - .   41

00 ,  and

1-2
3 4-1  '  3 111 -2    '

where  *  = R  (r) Y£In(e,0)m    ni

The problem of the solution of the radial part of the above wave
3

functions  R  (r). is avoided by replacing any integrals over the radial
'  nl   '

part by the expectation value of the operator involved, and relating

these to free ion radial functions which can be evaluated.

The d  level is further split in the case considered here by the
€

trigonal field and the spin-orbit interaction.  The Hamiltonian for the

angular part of the wave functions expressed in terms of angular momen-

tum operators is

K =  -A t.2  -  A(3L 2- t21
3 z . )

where  k  is the spin. orbit coupling constant and  8 is the trigonal

field splitting.  The operators t and   are the orbital angular momentum

5and spin operator?s :for' the D state. This' perturbation problem can be
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simplified by noting that the d ·wavefunctions behave like a set of
6:

| | = 1  wavefunctions if -1 is substituted for t .  This introduction
38

of the pseudoangular momentum enables us to represent the d  state by
€

three wavefunctions 9-1 ' 90 , and 01 having a total angular momentum of

1 and z-components as indicated by the subscripts.  The perturbation

Hamiltonian can now be written as

4 4     8    2   42
K=    1  1  s    - -(38 -£)

3    z

39
or with the introduction of the raising and lowering operators

1+ s- + 2- s+ 2 -02K = k[ +      Z z s z       -     ( )        (31 z        -    1    ) ]         .2

Since the interaction involves the electron spin, this Hamiltonian

must be applied to the full d  wavefunctions Fi X  , where X. is the
J

spin part of the wavefunction with spin |S| = 2.  The solution of the

problem involves the diagonalization of the 15 x 15 perturbation matrix

(|8  = 1,  S| = 2) instead of the full 25 x 25 matrix obtained without

the introduction of the pseudoangular momentum.

This diagonalization can be accomplished numerically by using

various values of  & and  k  with a standard computer program which

calculates both the eigenvalues and eigenvectors of the. matrix.

Once the eigenvalues and eigenvectors have been found, the V
ZZ

component of the electric field gradient at temperature T can be found

by taking a statistical average over the electronic states. :Thus,

-6 /kT
N <Vzz)n e  n

(V  ) =  eq
zz                  -en/kTNe

--1
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with i.     .'. i

<Vzz n f e (r-3> < *n' 32=2.-"1211,1>   ,

and

| #n             E     a. .  F.x h        ,
ij

1J  1 J

where  An> is the eigenvector of the nth eigenstate with energy s  .

Since the crystal field, and thus the electric field gradient tensor,

has axial symmetry only V will contribute to the quadrupole inter-ZZ

action.

It is convenient to write the electric field gradient component
1

in terms of (4/7) e <r -> and a dimensionless statistical reduction

facto.r FCA,X,T). This reduction factor is shown:in Fig. 4.as a function

of kT/k. for several Values of A/X .   In this form F(&,k,T) is independent

of the magnitude of & and k and applies to all compounds. having an

axially symmetric crystalline field for which 6>0.

The quadrupole splitting can now be written

8 E     = .e 89'    e2Q(1-R) c92<ro-3> F(&, 69210, T)

where Q is the z-component of the quadrupole moment.of the first excited

2
state; R is the Sternheimer core polarization factor; and BY 'is the

40
covalency factor, which accounts for the reduction in the.values of

X and <r-3> from. their free ion values X  and <r03> .  Taking the

Ingall's estimate of Q = 0.29 b and the commonly used values. of R = +0.32

and <r-3> = 4.8 a.u., and using for the free ferrous ion value·of X  the0
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40       -1
theoretical value 103 cm , the expression for the quadrupole splitting

becomes, ' %

22
AE =  5.625 0· F(8, 0  AO, T)  mm/sec

In this way the calculation of the quadrupole splitting·as a

function of temperature has been reduced to the determination. o'f a
2

spectroscopic splitting factor A and a, covalency factor Q . These two

parameters can be found by fitting the calculated curves to the experi-

mental data.

19
·Ono, Ito and Fujita have performed a similar crystalline field

calculation in the isomorphous compound FeC12 .  A discrepancy exists

between their values for the quadrupole reduction factor and those cal-

culated here.  The difference increases with decreasing values of 8/1 .

The origin of this .discrepancy· is not evident since Ono et,al. present

their results only in graphical form.  They obtain a value of 0.9 for

the covalency factor, however, in FeC12 ' which is outside the range of

0.67 to 0.8 reported by Ingalls for a wide variety of ferrous compounds.
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III. EXPERIMENTAL TECHNIQUES

A.  Sample Preparation

Cobalt chloride samples were made by means of the following pro-

57              ·
cedure. Radioactive Co was obtained from various suppliers in the

57form 'of an HCl solution.    This Co solution was added to an aqueous

1                   solution of 20 to 30 mg of reagent grade (0(12.  The mixture was dried

in air to the anhydrous salt in a quartz or porcelain crucible on a hot

plate at 150'C.  The anhydrous powder was then sealed in an aluminum or

coppdr cup on to which a Mylar or Lucite cap was cemented.  This latter

step was necessary because of the well known tendency of CoC12 to form

its hydrdted .compounds upon contact with atmospheric humidity.

The preparation of CoF2 samples required a more involved procedure.

Although CoF2
' 4H20 can be made quite easily by precipitation from an

aqueous solution, the salt will hydrolyze when heated in an attempt to

form the anhydrous salt. Consequently, the anhydrous samples were pre-

pared by reacting anhydrous hydrogen fluoride gas with anhydrous cobalt

57
chloride containing Co at 700'C.

Coc12 + 2HF  -+  CoF2  +  2Hcl

The high chemical reactivity of HF necessitated the use of specially

constructed apparatus.  The CoC12' which was prepared in the same manner

as that described above, was placed in a boat formed from 0.0025" plati-

num foil.  The reaction took place in a nickel furnace tube which had a
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copper screw cap.  The cap itself had brass fittings which were used as

inlet and outlet ports for the HF gas.  The furnace tube was aged by

passing HF through the tube for several hours while it was in an 800'C

furnace.  In this way a thin coating.of nickel fluoride was built up on

walls of the tube.  This coating inhibited further reaction of the gas

with the tube while the samples were being prepared. . ·Anhydrous hydrogen

fluoride  with a quoted minimum purity  of  99.9% was obtained from lecture

bottles supplied  by  the 'Ma theson Company,   Inc.     The  gas  was  led   into  the

system through polyethylene tubing and vented through a bubbler con-

structed from a polyethylene wash bottle containing vacuum pump oil.

A diagram of the apparatus.is shown in Fig. 5.

,
Sample preparation was carried out with the following procedure.

After  the boat containing the CoC12 was closed inside the tfurnace  tube,

the air was flushed from the system by starting the HF·:gas flow.  The

tube was then inserted in a hot furnace, and the HF flow was maintained

at a steady rate until the tube had been at the reaction temperature of

approximately 700'C for 30 minutes.  The ·HF gas was then shut off and

replaced by a flow of helium gas.  The tube was then removed from the

furnace and the helium stream was maintained until the tube had cooled

to room temperature.  The sample boat was then removed from the tube and

the powder sample was placed in an aluminum ·sample holder, which is

described in detail later in Section C.

In order to avoid significant electronic absorption of the 14.4 keV

gamma rays in the sources, the size of both the chloride and fluoride

samples were limited to between 20 and 40 mg. The .specific activity

was kept to less than 5 millicuries which gave count rates which were

within the counting capabilities of the detection system.
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B.  MGssbauer Spectrometers

Two M&'ssbauer spectrometers were used in obtaining the velocity

spectra of the sample specimens.  ihe majority of the CoC12 data was

41
obtained· with a reciprocating · crank motion · spectrometer ' while most of

42
the CoF2 :data was obtained with a constant velocity ·spectrometer. The

former is a rapid scan device and, therefore, is not sensitive to changes

in  count  rate -due to radioactive decay.or to drift  in the counting

electronics.  The latter spectrometer has the advantage that data·can be

collected with high precision in regibns of interest ef the spectrum

without collecting data at the same time in relatively unimportant regions.

The actual choice of spectrometer for these measurements was. based pri-

marily on availability and convenience.

The crahk spectrometer system is shewn schematically ih Fig. 6.

The absorber is attached te a rediprocating shaft driven by a crank arm

connected to the flywheel.  Since the flywheel turns with atuniform

rotational speed, w , the velocity of the absorber can be written as a

function of the angle of rotation of the flywheel

2

v(0) = - wa [cos 0 +· -·· sin 20 (1 -  ·2 cos20) 2]4.W

where  8 = wt, a is half the stroke distance.of the ·crank and b'is the

crank arm length (See Fig. 6).

The sine.wave,oscillator was set at a frequency approximately 2 x

4
10  times the rotational frequency of the flywheel.  The sine. wave out-

Ppt of the oscillator is converted by a Schmidt trigger  into a· uniform
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pulse train which is fed into two decade scalers to produce approxi-

mately 200 evenly spaced pulses per flywheel revolution, which are used

to advance the address of the multichannel analyzer. Thus, each channel

of the analyzer represents a unique velocity·interval, between v and

v + Av, of the absorber motion.  Sychronism between velocity and channel

number is assured by using the photodiode output, which is triggered

through a narrow slit on the flywheel, to reset the address of the ana-

lyzer to the first channel.  Since this reset pulse also resets the two

frequency step-down decades, sychronism is maintained to within 0.01

channels.  The detector output pulses produced by the 14.4 keV gamma

are stored ·in the memory of the analyzer.  Thus, the.output of the ana-

lyzer is a record of the intensity of gamma ray transmission as a

function of velocity.

In Fig. 7 the constant velocity spectrometer is shown schematically.

The drive mechanism 'of this instrument  is a Gaertner microscope slide

on which either the source or absorber is mounted. The slide is driven

at a constant speed, with alternatively positive and negative velocities,

by a synchronous AC motor, which transmits power to the slide through a

Metron variable.·ratio speed changer by means of pulleys and elastic

belts.

Microswitches are used to reverse the direction of motion' of the

slide and control the opefation of the data recording scalers.  Five

scalers are used to record the number of 14.4 keV gamma rays detected

while the slide is moving in a given direction, the time required to

traverse the slide, and the total number of trips at a given speed.

Since the distance of"travel  of the slide in-each direction is known,
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both count rate and velocity can be directly calculated from the data

collected in the scalers.

In'order.to obtain a Mossbauer spectrum with this instrument, a

paper tape is programmed by punching holes corresponding to the approxi-

mate relative velocities at·which data is desired. The spectrometer

collects data for both positive and. negative velocities until.·the de-

sired stat·istical precision is obtained. The information contained in

the scalers is then printed out and the speed changer.is.automatically

set for the next speed indicated on the program tape.  The scalers are

reset, and data accumulation resumes at this new speed.  This process

repeats itself automatically until the entire spectrum has been scanned.

C.  Temperature Measurement and Control

0Mc;ssbauer measurements above  77 K were done  in a stainless steel

dewar with a single vacuum space between the liquid coolant and the

external dewar walls.  The source was mounted on a copper cold finger,

which was aligned with a berylium window mounted on the outer wall of

the dewar. The copper cold finger had a chamber accessible from the

coolant space of the dewar into which a Watlow Firerod heating element

could be inserted for the purpose of raising the temperature above 300'K.

Below 300'K the sample was maintained at a constant temperature by

filling the dewar with coolants having either fixed boiling, melting, or

sublimation temperatures.

/Temperature control above room temperature was achieved by using

a West thermocouple controller, which regulated the power fed to the

heating element. The actual.sample temperature was measured inthis
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range with a chromel-alumel thermocouple.  Between 300'K and 77'K sample

temperatures were measured with a copper-constantan thermocouple.

Below 77'K temperature stability was achieved by using an electron-

ically controlled heater in conjunction with a liquid helium cold reser-

voir.  Fig. 8 shows the arrangement employed.  The cold finger was

mounted on the cold working surface of a Texas Instrument CLF-1 Cryoflask,

a lightweight liquid helium dewar, which uses the vaporized helium to

cool the radiation shield instead of the usual liquid nitrogen jacket.

Since the ratio of the thermal conductivities of aluminum and monel is

approximately 103 in the range of 4.2'K to 50'K,43 most of the tempera-

ture difference between the heater and cold finger appears across the

monel tube, and the aluminum sample holder is nearly isothermal.

Temperature measurements in this range were made either with a

carbon resistance thermometer or a GaAs junction diode thermometer, manu-

factured by the Phylatron Corp., Columbus, Ohio.  Hot molded carbon

resistors, such as those manufactured by the Allen-Bradley Corp., obey

the following empirical temperature-resistance relationship.

A log RT=
2

(log R - B)

where A and B are experimentally determined constants.  The resistance

of the carbon thermometer was measured with an AC Wheatstone bridge

using an oscilloscope as a detector.  The 0.01 V/div sensitivity of the

detector made it possible to measure the resistance of the thermometer

to within one ohm with a power dissapation of less than one milliwatt.

Carbon resistor thermometers, however, require frequent recalibration
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and may change characteristics drastically if the, resistor is subjected

to mechanical stress.

The GaAs temperature sensor, on the other hand, is relatively stable

and has a useful range of sensitivity from 3'K to 400'K, whereas the

0
carbon resistor can be used only up to about 50 K.· With a constant cur-

rent in the forward direction, the voltage drop across the junction of

the GaAs diode sensor obeys the relationship

23V= A+B T+C T + DT

to within 1 part in 104 in the range from 4.2'K to 273'K.  A constant

current power supply operating at 100 pa was used to power the device.

The voltage drop across the device was measured with a Leeds and Northrup

K-2 potentiometer.  The standard 4 wire measurement method was employed

to eliminate errors:due to lead resistance.  With the 100·Ba bias current

employed, the power dissapated in the thermometer was of the order of

0.1 milliwatts.  Fig. 8 also shows a sample holder which was designed

for use at all temperatures in the range from 4.2'K to 700'K. The 0.0005"

aluminum foil acts as both a window for the 14.4 keV gamma ray and a

gasket which seals' off th-e sample space from air and water vapor.  The

all aluminum construction eliminates sealing problems due to differential

thermal expansion.  A 200 ohm heater made of 3 mil constantan wire is

wound around the circumference of the holder for·use below 77'K.  Ther-

mometers can be mounted in holes drilled in the body of the holder.

The cryogenic electronic temperature controller was constructed as

44
a modified version of a similar device designed by Linsay. A diagram

of the controller is shown in Figs. 9 and 10.  A carbon resistor is
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employed as the temp·erature sensing device because of its relatively

large sensitivity in the operating range of the controller.  Since the

temperature measurements were made with a separate thermometer, precise

calibration of the ·thermometer was not required.

This carbon resistor forms one arm of an'AC Muller bridge.  This

type of resistance bridge is of the equal arm type in which the lead

wires of the resistance to be.measured become part of opposite arms.of

the bridge becduse of the placement of the detector terminals.  If the

two leads are identical, thermal changes in the resistance of the lead

wires do not affect the balance conditions of the bridge.

If the value of the sensing resistor changes from that at the temp-

erature set point, an error signal appears across the detector output of

the bridge.  The amplitude of this error signal is a function of the

deviation of the sensor resistance from its equilibrium value.  The

error signal is also in phase with the bridge oscillator voltage for

deviations below the equilibrium value and 180' out of phase for devi-

ations· above the equilibrium value.

The magnitude of the error signal is increased by a factor of 1000

in the amplifier section which consists of three identical stages.  Each

stage is a compl6meritary bootstrap amplifier with heavy negative feed-

back.  The feedback is adjusted such that each stage has a gain.of 10

with no measurable change in either gain or phase shift for 20% changes

24
in the power supply voltages with signal frequencies from 10  to 10  Hz.

The output of the amplifier is fed into the signal input of the

phase sensitive detector (PSD).  The·reference input of the PSB is

supplied by the same oscillator·used to power the Muller bridge.  The

A
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PSD first multiplies the signal and reference voltages and then inte-

grates the product. The output  is  a DC voltage  of  the  form

V  =C V V   COS 0o       s r

where V and V are the amplitudes of the signal and reference. volt-sr

ages, C ·is some constant dependent upon the circuit parameters and 0 .is

the relative pha·se between the signal and reference voltages.  Since

only that .i)art of the signal which is coherent with the reference voltage

contributes to output, electrical noise and stray AC pickup are filtered

out  by this device. The output,  then,  of  the  PSD  is  a:  DC voltage whose

magnitude is a .monotonic function of the deviation of the sensed temper-

ature from the set point and whose polarity reflects deviations either

above or below this set point. This voltage in turn is u·sed·to control

a DC current amplifier which powers the sample heater.  Thus an increase

in sample temperature ·causes a decrease in power  to the heater  and,

correspondingly, a decrease in ·sample temperature causes an increase in

power to the heater.

The device is put into operation by adjusting the heater current

until the measuring thermometer indicates the desired temperature.  The

Muller bridge is then balanced and the heater current is readjusted for

its- optimum value as indicated by a non-oscillating null on the 'galva-

nome er which monitors the PSD output.  Experience indicates that this

device is capable of ·maintaining a .temperature stability.of better than

El'K over a 12 hour period.  Care must be given to the initial setting

of the heater current,  so  that the controller  does not ·have te correct

0
for deviations of more than ,ab,out 10 K from the nominal ·setting. Greater

deviations than this cause an instability which .makes the controller in-

effective.



48

IV.  EXPERIMENTAL.RESULTS

A.  Data.Reduction and Experimental Errors

The data output obtained from the velocity spectrometers were ana-

lyzed with a computer program which calculated the velocity and relative

transmission for each datum point.  The relevant experimental parameters

of the spectra such as the peak positions, linewidths, and peak areas

were obtained by a curve fitting analysis.  Since the Breit-Wigner theory

of radiation predicts that ideally the nuclear resonant absorption

curves have a Lorentzian line shape, the experimental spectra are assum-

ed to be described by an expression of the form

I(p) - I(v) SI-/2·rr
A(v)                                2I(003                         2

(v-vo)  + r /4

where I(w) is the transmitted gamma.ray intensity at Doppler velocities

far removed from.the resonant peak velocity, v ; I(v)..is the measured

intensity as a function of velocity; S is the area enclosed by the

Lorentzian curver  A(v)  and  r  is  the full width  at half maximum  of  the

curve.  Spectra which consist of more than one resonant absorption line

are.assumed to be described by a superposition of Lorentzian curves.

The experimental spectra were fitted to a function of this form

with a non-linear regression, least-squares computer program.  This pro-

gram is capable of fitting experimental data to an arbitrary function ·of
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one or more independent variables and several adjustable parameters.

The parameter values are adjusted such that the sum of the squares of

45
the  residuals  is a minimum, by using an algorithm  due  to  D. W. Marquardt.

The computer program.·used is an extensive revision of the original pro-

gram (Share Distribution No. 3094) made by A. J. Becker of Purdue.  This

revised version·is simpler and more flexible than the original.

The error in the experimental data consists of the error in deter-

mining the velocity of each datum point and the statistical error in

the determination of the gamma ray intensity. The error in the velocity

determination ·is of the order of 0.1% and is small in comparison with

other errors.  Since radioactive decay processes o ey Poisson statistics,

the fractional standard error  in  the mea sured gamma ray intensity  is

1//N, where N is the total number of gamma rays counted at each datum

point.  In the experimental spectra presented here, N was usually of

the order 105, which corresponds to a standard deviation of about 0.3%.

The errors associated with the parameters determined by means of

the curve fitting program are a function of both the signal to noise

ratio of the data and the deviation of the experimental line shape from

a Lorentzian curve.  The signal to noise ratio tan be defined as the

ratio of the relative percentage absorption in the peak to the percent-

age statistical deviation.  This ratie varies from about 50:1 for the

quadrupole ·split patterns to as smdll as 9:1 for some of the magnetic

hyp rfine patterns.  The deviation of the experimental line shape from

a true Lorentzian curve is caused by beth random fluctuations in inter-

nal fields and finite absorber thickness.  Only this· last contribution

is accessable to experimental control.  The use of a thin absorber,

................
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however, decreases the percentage effect and, thus, a compromise must

be made betwedn line broadening and percentage effect.  In most of the

57
source experiments a 90% enriched Fe absorber was used, consisting of

57

Na 2Fe (CN) 6
'

10H20 imbedded in a thin Lucite disk with an Fe    con-

2
centration of 0.75 mg/cm .  This thickness gives a large percentage

2
effect without' significant line broadening.  In some cases a 0.5 mg/cm

2or a 1.0 mg/cm absorb'er was·used, either to increase the percentage

effect at high temperatures or in the antiferromagnetic region where the
2

percentage effect in the peaks is small, or because the 0.75 mg/cm

absorber was in use in other experiments within the laboratory.

The curve fitting program calculates a.standard error for each

parameter using the usual statistical. techniques for multiparameter

analysis. These values are the ones quoted here. Other errors quoted

represent estimates of standard error for quantities derived from the

fitted parameters.

B. MBssbauer Spectra Above the Ndel Temperature

The MBssbauer velocity spectra of a CoC
12

source vs. a Na2 Fe (CN) 6 '

10H20 absorber in the temperature range from 27'K to 670'K.are shown

in Fig. 11.  The solid lines were calculated using the values of the

parameters obtained from the curve fitting analysis with the assumption

that each peak had the same linewidth.  The results of the curve fitting

are summarized in Table 2. These COC 12
quadrupele split spectra show

three important features.  The first is the unusually small quadrupole

splitting for a ferrous ion.  Typical ferrous ion splittings range from
36

2 mm/sec to 4 mm/sec at room temperature in contrast with the present
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TABLE 2.

Experimentally measured parameters of the Mc;ssbauer spectra of CoC 12
above the Neel temperature.

2
T S S

1         2       Vl      V2     e qQ/2      r     absor
b3r  57

( K) Trun/sec mm/sec mm/sec mm/sec  (mg/cm  Fe  )

27 0.095 0.096 -1.87 -.68 1.19 .56 .75

30 0.072 0.081 -1.85 -.66 1.19 .53 .75

50 0.037 0.037 -1.86 -.72 1.14 .42 .50

77 0.080 0.085 -1.84 -.67 1.14 .45 .75

197 0.108 0.122 -1.74 -.67 1.07 .54 1.0

245 0.089 0.103 -1.67 -.67 1.00 .53 1.0

295 0.036 0.043 -1.59 -.68 0.91 .35 .75

373 0.024 0.028 -1.48 -.66 0.82 .38 .75

479 0.018 0.023 -1.34 -.66 0.68 .36 .75

570 0.014 0.020 -1.20 -.64 0.56 .39 .75

673 0.009 0.014 -1.10 -.61 0.49 .37 .75
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observed value of 0.91 mm/sec for
CoC12 at 295'K, which agrees with an

41earlier measurement   at this temperature . Secondly,    the .ma gnitude   of

the splitting is strongly temperature dependent, showing a 30% change -

in the temperature·interval from. 30'K to 300'K.. Again, by contrast,

most ferrous ion quadrupole splittings have less than a 10% variation

36over  the same "temperature interva 1. Both of these features can be

explained in terms· of the closely spaced electronic energy levels of
2+the 3d-"valence" electron of .the Fe ion.  It is this electron which

is the primary·origin of the electric field gradient at the nucleus.  In

57Fig.·12 the ·quadrupole splitting.of Fe in (0(12 is displayed as a
function of temperature .along with a theoretical curve .obtained from

crystal field calculations.. This calculation is discussed in detail in

Chapter V.

The third significant feature .of these spectra is .the asymmetry in

the relative intensity of  the ·two lines  of the doublet. The asymmetry

increases monatonically with temperature and is interpreted·as an ex-

ample of the Goldanski-Karyagin effect.  This effect, which arises from

an anisotropy in the binding of the crystal,.is expected in view·of the

layer like crystal structure of (0(12.

Fig. 13 shews the experimental MEssbauer ·spectra.of CoF2 and the

fitted Lorentzian curves over the temperature interval from. 42'K to

5.73'K.. All but, the three highest temperature spectra were taken with
2                              2

a 0.75 mg/cm  absorber.  A 1.0 mg/cm  absorber was:used to increase the

percentage effect at the higher temperatures.  The spectra consist of

two superimposed quadrupole doublets which are clearly resolved at the

lower tempe ratures.  . The parameters which were obtained   from the curve
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TABLE  3.

Experimentally measured parameters  of the Mossbauer spectra of CoF2.above  the Neel temperature.

T       V        V        V       V     S(2+)   S(3+)   r(2+)   r(3+)   e2qQ /2 e2qQ./2 absorber
1        2       "3       4

(2+) (3+)
2   57

(IK)  mm/sec   mm/sec   mm/sec mm/sec mm/sec mm/sec mm/sec mm/sec (mg/cm Fe )

39 -2.95 -.88 -.33 -.02 .050 .050 .47 .45 2.93 ..55 1.0

42 -3.07 -.93 -.32 .02 .054 .051 .35 .34 3.09 .61 0.75

50 -3.07 -.92 -.33 .01 .055 .053 .42 .38 3.08 .59 0.75

77 -3.07 -.92 -.32 .01 .054 .051 .42 .38 3.08     .60       0.75

115 -3.06 -.91 -.32 .03 .049 .049 .34 .31 3.09 .59 0.75
Ul

197 -2.98 =.87 -.28 .04 .053 .041 .39 .32 3.02 .61 0.75 e

232 -2.94 -.84 -.22 .04 .053 .047 .42 .50 2.98 .62 0.75

245 -2.91 -.84 -.23 .03 .053 .037 .35 .35 2.94 .61 - 0.75

273 -2.85 -.81 -.16 -.05 .057 .038 .44 .53 2.90 .65 0.75

295 -2.76 =.79 -.24 -.03 .054 .030 .37 .30 2.79 .55 0.75

373 -2.63 -.75 -.22 -006 .049 .026 .50 .48 2.69 .53 1.0

473 -2.39 -.73 -o 39 -.14 .043 .022 .48 .42 2.53 .34 1.0

573 -2.16 -.63 -.31 -.07 .038 .021 .47 .46 2.23 .32 1.0
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fitting are .summarized in Table 3.  It should be noted that for all

3+
temperatures the linewidth of the Fe lines is less than or equal to

2+
that of Fe lines within experimental error.  This eliminates Auger

aftereffects of the type proposed by Wertheim as a possible cause for

this extra doublet, since the uncertainty principal requires that the

3+ lines be wider than the 2+ for this type of effect.

Three groups of experiments were performed in order to establish

3+
the possible origin of this Fe doublet.  Non-radioactive samples of

cobaltous fluoride were prepared in the same manner as described previ-

ously for the radioactive MMssbauer samples.  The che&ical composition

of these samples was tested gravimetrically by reducing them to the

metal in hydrogen at 6000C. Then assuming the sample had the composition

CoFx' the quantity x was calculated from the weight of the original

sample and the weight of the metal formed by the hydrogen reduction.

Unfortunately, the experimental difficulties :associated with the hydrogen

fluoride preparation led to inconsistent results.  The most consistent

set of experiments, however, indicate that x lies between the limits of

1.9 and 2.1 when the CoF2 was prepared at 700'C.

X-ray powder diffraction patterns were made of both radioactive

and non-radioactive samples of CoF2.  These x-ray·patterns were identi-

cal to those obtained with nominally high purity CoF2 obtained from

46commercial vendors, 'and they agreed with those found in reference tables.

These two experiments tend to rule out the possibility that non-stochi-

ometry of the samples was responsible for the iron atom being found in

both 3+ and 2+ charge states.. A typical x-ray powder pattern of a non-

radioactive sample prepared at 700'C is shown in Fig. 14.
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3+
In order to determine whether or not the origin of the extra Fe

57
spectrum was associated with the radioactive decay of Co a third type

of experiment was performed.  A sample of CoF2 was prepared with both

57            57
CO and 0.5% Fe by weight. The powder was sealed between two· Lucite

discs in such a way that it could be used either as a source or as an

absorber.  The MBssbauer spectra obtained from these combined source and

absorber experiments are shown in· Fig. 15. In the CoF  absorber measure-
2

57                        104 |qdmA
ments a source conhisting of 10 mc. of Co diffused into ·p·erhrd·Aim was

2
used.  The 0.75 mg/cm  sodium. ferrocyanide absorber was again·used in

the CoF2 source measurements.  · When the sample  was  used  as a source,
2+      3+both the Fe and Fe quadrupole doublets again appear in the spectra.

2+
On the other hand, only the Fe   quadrupole doublet appears in the spec-

tra obtained with the sample'used·as an absorber. Since iron tends to

oxidize more readily than cobalt to the 3+ charge state, these combined

source absorber experiments suggest that non-stochiometry is not respon-

57sible for 3+ charge state of the Fe atoms.  The origin of this effect

is described in detail in Chapter VI.

4
C.  MBssbauer Spectra Below the Neel Temperature

As the sample temperature was reduced below the Ne'el temperature of

25'K, the (0(12 Mossbauer ·spectra changed from a simple quadrupole split

doublet to the complex pattern shown in Fig. 16.  No further improvement

in resolution was obtained beyond that shown in the figure at lower

temperatures.  The solid curve represents a fit to six superimposed

Lorentzian curves.  Attempts to fit the experimental spectra with 8

lines did not converge due to the lack of reselution.  This difficulty
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was not· crucial,  and, in fact,  'the additional'two lines which appear

in.the geheral·case of a combined 'magnetic dipole and electric quadrupole

interaction frequently have very small intensities and are not often

resolved..

AMossbauer spectrum of Cocli was also taken 'at 10'K with a mag-

netic· field applied at right angles· to the direction of emission of the

gamma rays... An extension· t'ail-piece was made for the Cryoflask, which

dould be inserted in· the poles of a Pacific Electric· Motor Co. electro-

magnet·,- with· a 4 cm..gap·.' The maximum attainable field with this con-

figuration of 18' kG was· used for the experiments. The absorber was

attached to a 1 meter aluminum and stainless steel boom. extending from

th'e crabk spectrometer into the inter-coil gap of the magnet in ·front of

the gamma ray exit window of the tail piece.  The proportional counter

detector·' was mounted immediately behind the ab,sorber.

The effect of' this external field was to widen the pattern slightly,

an indication that the Mdssbauer ·spectrum is mkgnetically 'split  in  the

case  of zero .applied field,  and  that the complex pattern  is not connected

with some. relaxat·ion phenomenon. No evidence was apparent 6f a sudden

change in the·magnetic hyperfine field with the application.of the.ex-

ternal field. This  indicates' that either an 18 kG field is insufficient

to ca'use such· a transition or more probably the induced interlayer

ferromagnetic int'eraction does. not make· a 'significant contribution to

th'a field· at · the  nucleus.

This, applied field mea surement·was also' carried   out  with the sample

at 77'K -in·   order to determine the sign of the component of the electric

field gradient V :· Although a field of this magnitude (18 kG) is notZZ
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sufficient to produce a resolvable splitting in the spectrum, it will

broaden the |3/2, f 3/2  to  |1/2, f 1/2> transition line more than the

|3/2, f 1/2> to 1 1/2, f 1/2> line, since the strength of the magnetic

interaction is proportional to m.  In this case the greater broadening

was observed for the line whose peak was located at -1.8 mm/sec, which

indicates that q is positive.  This result is in agreement with both

41Mullen' s studies of CoC
12

crystallites precipitated in an NaCl single

crystal with a partial orientation, and the results of·the crystal field

2+
calculations for Fe   ions in (0(12.  This determination of the sign of

q is necessary for the interpretation of the observed asymmetry in the

COC12 Mossbauer spectrum taken above TN.

57
Fig. 17 shows the antiferromagnetic Mossbauer spectra for

CoF2: Fe
2+ 3+

The presence of both an Fe and Fe pattern  complicates the spectra,

which consist  of at least 14 lines.  The splid line represents a fit of

the experimental data to a superposition of 12 lines consisting of a six

3+ 2+
line Fe pattern and a six line Fe pattern.  It was necessary to make

restrictive assumptions concerning the various parameters in order to

obtain a fit to these data.  The six lines in each of the two spectra

3+
were assumed to have the same linewidth. The Fe pattern was further

assumed to be a pure magnetically split case with no noticeable quadru-

pole interaction present.  In this case the relative intensities and

peak positions. have known fixed ratios so that the number of·parameters

describing the Lorentzian curves can be reduced to 4; the linewidth, the

relative intensity or area under one peak, the absolute position of one

3+peak, and the total splitting of the Fe pattern.  This assumption is

justified by the fact that magnetic interaction with the excited state
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in this  case is about a factor of 30 greater than. the quadrupole inter-

3+ "
action observed for the Fe ions just above the magnetic transition

2+
temperature. In the case of the Fe pattern where the relative strength

of the quadrupole interaction is much stronger, no restrictions were

placed on the relative intensities and peak positions of the lines other

than requiring the six lines to have the same linewidth.

It is evident from Fig. 17 that the transition from the non-magnetic

spectrum to the antiferromagnetic spectrum takes place between 39'K and

36'K.  Since at v=0 the transmission just above TN is near its minimum

and is close to its maximum just:below TN at the same velocity, the mag-

netic transition temperature was determined by measuring the transmission

of 14.4 keV gamma rays from a CoF2 source through a sodium ferrocyanide

absorber as a function of temperature at zero Doppler velocity.  The

results are shown in Fig. 18 and indicate a magnetic transition temper-

ature of 38 & l'K.  This value is lower than the neutron diffraction

25                                                      26
value   of 50'K but agrees with the specific heat measurement   of

37.7'K, which was discussed in Chapter I.

3+ 2+
It is interesting to note that both the Fe and Fe magnetic

hyperfine patterns appear simultaneously at the same temperature.  This

3+
is further evidence that·the Fe spectra is not caused by the source

being a simple mixture  of  CoF2  and  CoF3.    For  in  this  case,, one would

expect to observe two magnetic transition temperatures associated with

each of the two compounds.

57
A CoF2 absorber containing 0.5% Fe   by weight was prepared and

mounted in the same manner as the combined source and absorber. This

2+
absorber showed only the Fe spectra as was.observed in the absorber
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mea surements  with the combined source-absorber. A Mossbauer ·spectra

obtained from this absorber at 11'K with a cobalt in paladium source is

shown in Fig. 19.  The solid line is obtained by fitting the data to

six Lorentziabs.  These six lines agree within experimental error with

2+
those of the Fe   portion of 11'K CoF2 source spectra in both relative

intensity and peak position, after a correction is made for both the

velocity inversion of the absorber spectrum with respect to the source

spectrum and the relative isomer shift of Fe in Pd with respect to Na2Fe

(CN)6  10H20.  The reason for determining the hyperfine constants from

57                               57
the CoF :Co source instead of the CoF :Fe absorber was the superior2                                              2

quality of the source data.  This was because the absorber experiment

2+had poorer count rates, which offset its advantage of having only an Fe

component in its spectra.
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V. .DISCUSSION OF EXPERIMENTAL RESULTS

,

A.  (0(12 Spectra Above the N el Temperature

Ingall.'s method of calculating ,the nuclear electric quadrupole

splitting of a ferrous ion, as outlined in Chapter II, was used to ob-

tain a theoretical fit to the measured values in the temperature range

from 30'K to 670'K. Using a least squares criterion, the optimum fit

was obtained with a covalency factor a2 of 0.73 f 0.1 and a value·of 2.5

i 0.25 for the parameter,6/1. The latter result gives a value of & =
-1

190 & 25 cm for the trigonal field splitting.  The eigenenergies and

eigenstates for this case are listed in Table 4.  The combination of

the trigonal crystal field and the spin orbit interaction does not com-

pletely remoye <the degeneracy of the d state.  As the table indicates
€

this level is split into,6 two-fold degenerate sublevels and 3 non-de-

generate sublevels.  The strong·admixture of 1  =0 and Z  = &1 angularZ              Z

momentum Atates in many of the eigenvectors :explains the small ferrous

ion quadrupore ·splitting observed  in this compound. These angular  mo-
-3

mentum states produce an electric field at the nucleus of -4/7e <r  )

and +2/72 <r-3>, respectively.  Thus, with the indicated admixture of

states the lowest level could produce a quadrupole splitting of only

1.2 mm/sec at O'K when it alone is populated.  The strong temperature

depehdence of the quadrupole splitting is easily explained by the rela-

tively small 50'K spacing between the ·two lowest levels.
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TABLE 4.

2+
Eigenenergies and eigenstates of the Fe d  level due to a trigonal

€

field and spin-orbit interaction with 8·/A = 2.5.

Level Energy Shift of Eigenstate

d  levels (OK)

1 322 .2624 + .8780 +   .4000
4             5              6

.4000 + .8784 +   .2624
10          11           12

.

2 318 .3244 + .8890 +   .3244
7                8                  9

3 273 .8774 +  .515423
.5154 +  .8770

13           14

4               126                   ·         0
1

0
15

5 ·· ·' -70 -.51542   +  .85703

.8574 -  .5150
13           14

6 -152 -.3604 - .2954 +  .88544            5            6

.8854 -  .2954 · - .3604
10          11          12

7 -198 -.7070 +  .707479

8 -335 .6294 - .4580 +  .6290
7               8               9

9 -385 .8954 - .3764 +  .2390
4            5            6

.2394 - .3764 +  .8950
10           11           12

01 = Flx2 46  1= 91Xo 011   FOX-1

42 = 90X2 47"= 9-1Xl  12   oplx-2

43 - 91Xl 08 = 9OXO                 13   9-lx- 1
0

44 - 9-lx2 49 = 9lx- 1 014  FOX-2

05 = cpOXl 410= 9-1Xo 015   9-1*-2
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57
This analysis of the Mossbauer spectrum of Fe in CoCl was accom-

2

57
plished with methods originally devised for Fe in iron compounds.  The

high degree of quantitative agreement between theory and experiment in

the analysis of the temperature dependence of the quadrupole splitting

19

above TN is similar to that obtained by' Ono et.  al. in their work with

isomorphous FeC 12.

B.  Goldanski-Karyagin Effect in CoC12

With the determination of the sign of q, V  /e, from the previousZZ

calculations and its agreement with the results of the applied magnetic

field experiment, an identification can be made of the |3/2, & 3/2>  to

|1/2,  a  1/2>  ,  I  and    |3/2,  f  1/2>  to  |1/2  E  1/2>, I , transitions, and
·-                                                                                                                                            

C

the ratio ITT/Ia can then be calculated as a function of temperature from

the data.  The intensity ratios can be, in turn, compared with results

of the calculations done in Chapter II using Karyagin's theory of quad-

rupole doublet.asymmetry for an axially symmetric electric field gradient.

2 2 2  2
In this way the parameter e  =K[ <z 3-  <x >] , a s a function of temper-

ature, was obtained. Using the results of Chapter II, we are then able

to find effective Mossbauer temperatures associated with the vibrations

parallel to the symmetry axis, z, and in the direction, x, perpendicular

to this axis.

The results are shown in Fig. 20 with the experimentally measured

asymmetry shown in Fig. 20a.  Fig. 2Ob is a plot of the corresponding

asymmetry parameter as a function of temperature, with the solid line

obtained from values of 0  = 140'K and e  = 300'K for the Mdssbauer
Z X

characteristic temperatures.  At a lattice temperature of 300'K the
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corresponding mean square vibrational amplitudes are:

2              -18   2
<z >  =  3.9 x 10 cm and,

<x2   -  0.9 x 10 cm
-18   2

This large difference in the mean square vibrational amplitudes is con-

sistent with  the, layer-,like crystal structure found for (O(12'

.,

C. CoF2 Spectra Above  the Ne'el Temperature

3+ 2+
The observed variatipn in the relative intensity of Fe   and Fe

in the,CoF2 spectra for. T > TN' as a function of temperature, may be

due both to a difference in binding for the two ions and a variation

with temperature in the relative number of the two ions.  If the number

of.iron ions in each charge state is assumed to be constant, the temper-

ature. variat.ion in the relative intensity of the two lines, as meaaured
2+ 3+

by the area under the Fe and Fe spectra, can be used to calculate

the ratio of the recoil-free fractions of the two ions as a function of

temperature. For sources with negligible resonant self-absorption the

19*
area under the absorption curve is proportional to the recoil-free

29
fraction of the source. Then for an absorber of constant thickness at

constant.temperature the area under the absorption curve, as a function·

of source temperature, can be written

S(T)  =  C f(T)

where f(T) is the recoil-free fraction of the source and C is a pro-

portionality. constant. The .constant  can be eliminated from consideration
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by normalizing the areas relative to some fixed temperature T
0

S(T) f(T)

S(To  f(To 

0
In this case 50 K was chosen as the normalization point instead of a

very low temperature, because in the paramagnetic region errors in area

measurement due to baseline uncertainty are minimized. The recoil-free

fraction was calculated again using a Debye model in which the Debye

temperature is replaced by a Mossbauer characteristic temperature.

Since the peaks near v=0 are not well resolved, the areas under

these peaks chnnot be determined as precisely as those under the better

resolved peaks at the more negative velocities, because of the strong

correlation between the parameters.  For this reason the analysis was

carried out using only the areas under the two negative most peaks.  This

was justified by the fact that there was no observable Goldanski-Karyagin

effect in the Mossbauer spectra, and thus, both peaks of a given quad-

rupole doublet have nearly the same area.  The results are shown in Fig.

3+ 2+
21 for both the Fe and Fe separately, and for the combined total

area under both peaks. The curve drawn for 0  = 330 i 10 'K is a very
m

good visual fit to the experimental data in this latter case.  The solid

curves drawn in the case of the individual peak areas represent the best

visual fit at both extremes of the temperature range. The two valdes

2+ 3+
of (500 & 50)'K for the Fe   data and (280 & 30)'K for the Fe   data ob-

tained for the characteristic Mossbauer temperatures indicate a large

difference in binding for the two ions.

In order to determine whether this difference in binding, and hence
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in recoil-free fractions, could explain the variation in intensity of

2+ 3+
the Fe and Fe lines as a function of temperature, the experimental

3+ 2+
area ratio S(Fe  )/S(Fe ..) was plotted and compared with the curve cal-

3+ 2+
culated by forming the ratio f(Fe  )/f(Fe ) obtained from the previous-

ly mentioned recoil-free fractions for the Mossbauer characteristic tem-

peratures. As shown in Fig. 22 this calculated curve follows the trend

of the data, but the large error at the higher temperatures prevents a

definitive conclusion as to possible changes in the relative number of

ions in each of the two environments over the exper.imental temperature

range.

The first moment of the spectra, however, is another index of

2+ 3+
changes in the ratio of the number of Fe to Fe ions. If this ratio

is fixed over the experimental temperature range then the first moment

of the -Mossbauer spectra should increase monatonically witK temperature,

as the temperature dependent effect is then primarily the Josephson

31
shift. The first moment was calculated by the formula

V = E Voi Si/E Si     '

th
where V , and S. are the position and area of the i spectral line,Oi        1

determined from a computer fit to the data.

The first moment, under this assumption, should increase monatoni-

cally with temperature as a result of the Josephson shift. In Fig. 23

the data points were calculated using the experimental areas and the

solid curve illustrates the magnitude of the effect.  From Figs. 22 and

23 we may conclude that, within experimental errors, the temperature
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variation of the recoil-free fraction alone can explain the observed

2+ 3+
variation in relative intensity of the Fe and Fe doublets in the

CoF2 Mossbauer, spectra, although the errors are sufficiently great that

the possibility of some conversion between the two types of sites should

not be ruled out.

Since CoF2
and

FeF2
have the same structure, one would expect an·

iron ion to exist in CoF2 as a substitutional impurity and thus we would

2+
expect to observe only Fe lines in the Mossbauer spectra.  The origin

3+                                               57
of the Fe   lines observed in the actual spectra for CoF2:Co   is one

of the more interesting aspects of these experiments.  The results of

the measurements help to clarify the origin of these higher charge states.

3+The failure to see the required broadening of the Fe lines eliminates

9the type of .Auger aftereffect, proposed by Wertheim  for CoO, as the

mechanism by which these two charge states are formed.  Wertheim's model

·assumes.that ·many ·of the 14.4 keV gamma rays are emitted while the ion.

is still in the 3+ charge state which resulted from Auger emission follow-

57
ing the K-capture decay of Co .  This mechanism requires that the time

to reach electronic equilibrium from these higher charge states is of

the same order of magnitude as the half life of the 14.4 keV excited

state, 100 nsec. In this case, however, the relevant time governing the

linewidth of the gamma rays is the electronic equilibrium time.  Thus,

under this type of model, the gamma rays, emitted while the ion is in

3+
the Fe state, will have a shorter mean life, T, than those gamma rays

2+
emitted while the ion is in the Fe state, when electronic equilibrium

3+
has been achieved.  Hence, the width of the Fe . spectral lines, as

given by the uncertainty relationship, r = h/T, should be greater than
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2+ 2+the width of the Fe lines. .Since the measured linewidths of the Fe

3+
and Fe lines are equal within an experimental error of -5%, it must be

3+
concluded that the lifetime of the Fe   charge state in CoF2 is much

longer than the 100 nsec half life of the 14.4 keV level.

Other possibl'e causes of two charge states in the CoF2 Mossbauer

spectra ·are non-stochiometry or a large number of lattite defects such

as vacancies.  The combined squrce-absorber experiments, however, tend

to preclude these possibilities.  Defects of this type might cause some

57
of the Co · atoms to have the 3+ charge state in CoF2.  This trivalent

57state could then be retained by the Fe ion after the radioactive decay

57process.  The same defects, on the other hand, would cause Fe   atoms

doped into the sample, to also exist in 3+ and 2+ charge states, espe-

cially since iron tends to oxidize more readily than cobalt to the 3+

state.  The MBssbauer spectrum of CoF2 used as an absorber doped with

57
Fe  ·, however, showed only the expected 2+ lines.  This implies that the

57
CO ions are initially only in the 2+ charge state when the sample is

prepared by the method outlined in Chapter III.

The lower Mossbauer characteristic temperature associated with the

3+
Fe lines indicates that these ions are less tightly bound and thus

2+
have a lower recoil-free fraction than the Fe ions. If anion vacancies

3+
acting as·electron traps were responsible for the Fe state, then one

might expect a higher recoil-free fraction for the·se ions than for the

2+
Fe   ions because of the strong attraction of the highly electronegative

3+
fluorine ions for the higher charge state Fe ion. The small ion size

3+
of Fe will have to be taken into account, however, as it is opposite

to the Coulomb effect.
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The fact that these extra 3+ spectral lines pre found only when

57        57
the specimen doped with both Co and Fe ts used as a source strongly

suggests that the origin of these lines is associated with the K-capture

57
decay of Co and the subsequent Auger emission processes. In the case

57
of Fe where Auger emission is the most probable mode of energy release

as the holes in the K and subsequent shells are filled in the cascade

following electron capture, higher charge states 2 3+ will be created,

albiet, for a time much shorter than the nuclear meanlife. Th e   Cou lomb

forces associated with these higher charge states will produce very high

3+

local stresses in the lattice.  These stresses, in turn, may produce a

local distortion in the crystal structure in which the Fe ion is

stable.  The 3 eV recoil energy accompanying neutrino emission is clear-

ly inadequate to account for the proposed lattice distortion, because

of the high characteristic temperature of this material.

This proposed mechanism by which multiple charge states may be pro-

duced in the MBssbauer spectra of cobalt compounds is supported by the

47
work of other investigators. Wertheim has measured the MBssbauer effect

in cobaltic acetylacetonate [Co(III) (acac)3] and ferric acetylacetonate

[Fe(III)(acac)3].  With the former compound used as a source containing

57
Co  , resonant absorption lines with the characteristic isomer shifts

3+ 2+
of both Fe and Fe were observed. On the other hand, the latter

compound used as an absorber showed only a single spectral line with the

3+
expected Fe isomer shift. In this case it was also proposed that the

local distortion, produced in accomodating the initial high charge

2+
states, formed an environment in which the Fe ion was stable in certain

cases.  A local lattice distortion as the origin of the multiple charges

I
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11in Mossbauer source spectra was first proposed by·Mullen and Ok after

their systematic study of the hydrated cobalt chloride compounds.  In

this case the nuclear recoil energy of the order of 3 eV arising from

the neutrino emission accompanying K-capture was postulated as the

mechanism: by which the local distortion was formed, although distortions

due to transient Auger aftereffects (<< 10-7 sec) would be compatible

with their observations on these compounds.

In the two cases mentioned above the binding energy of the cobalt

ion is relatively weak as indicated by the size of the Mossbauer effect

in these compounds. In contrast, the multiple charge states in the

57
CoF :Co  ·source spectra are the first such observations on a substance2

in  which· the binding is quite large, as indicated  by the 5000K character-

2+
istic Mussbauer temperature found for the Fe   spectra in CoF2.

An interesting experiment in regard to this question of multiple

48
charge states has been performed by Jung and Triftshauser using the

125
Mossbauer effect in Te This isotope is the daughter nucleus of

125 125both the 0- decay of Sb and the K-capture decay of I The Moss-

125
bauer spectra of a source such as Na Sb 03 showed only a single line

125
while the source spectra of Na I 03 showed multiple charge state

lines.  This suggests again that K-capture and the subsequent processes,

including Auger emission, can modify the chemical binding of the daughter

atom in a solid.

D.  Hyperfine Field Parameters

6
Karyagin's "combinatorial method" for determining the hyperfine

field parameters, in the general case of a combined magnetic dipole and
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electric quadrupole interaction, requires that all eight line positions

be known in order to determine the eigenvalues of the excited state.

In the cases considered here it was not possible to resolve all eight

lines.  For CoC12 only four peaks. were resolvable, but the position of

six of the lines were found by fitting the data to a superposition of

Lorentzian curves.  Similar difficulties were encountered in the analysis

of the CoF2 data, in addition to the problem of the simultaneous presence

2+ 3+
of both the Fe and Fe hyperfine patterns.  After considerable effort

curve fitting procedures yielded the position of six peaks in each of

the two spectra, when the restrictive assumptions discussed in Chapter

IV were used.  As the final analysis indicated, the lack of resolution

2+
of the two additional lines in the CoF -Fe spectrum was due to the

2

very small intensity of one of the lines and the coalescing of two lines

into a single peak.

The determination of the position of only six lines in the hyperfine

pattern requires a modification of Karyagin's method for determining the

eigenvalues of these line positions.  There will be relatively intense

,  transitions from the two excited state levels, which have large compo-

nents of the  |3/2,  1/2> 6and  |3/2, -1/2> wavefunctions in their eigen-

states, to each of the two ground state levels.  The four lines result-

ing from these transitions can be identified on a trial and error basis.

If a 4 x 4 array is constructed, whose elements are the permutations of

all differences in line position.of four of the spectral lines, then

six positive non-zero numbers will appear in the array.  If the four

lines chosen to construct the array are those arising from the transi-

tions mentioned above, then the difference in energy between the excited
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state levels will appear twice in the group of six numbers.  The differ-

ence between ground state levels will likewise ·appear t twice in this same

group.  The remaining two numbers are the sum and difference of these

two energy differences, and they give a consistency check on the proper

choice of the four lines with which the array is constructed.

Let the positions of the four lines, which represent the shift from

the center of the spectrum, be denoted.as L2' L3' L., L5.  This choice

of subscript is made since the four lines which form the combinatorial

table will  be the inner -four lines  of  the  six line pattern  in the major-

ity cf cases.  Now, if the difference between L. and L. is the ground
1        J

state splitting AEG' then these lines originate from the same excited

state level Ek ' and

Li = Ek + 8EG/2

Lj = Ek - AEG/2     ,

and thus,

Ek =  2 [Li + Lj]

The eigenenergies which are associated with the remaining two lines

Ll and L6 can be found either through the relationship

En = Ll - AEG/2

or

En = Ek + (Ll -' Lk) '

where Lk is the line associated with the transition from state Ek to
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the same sublevel of the ground state as Ll.- A similar method is used

to find L6.  The resultant eigenenergies must now be corrected for the

isomer shift  of the spectrum, since· Karyagin' s method of analysis  re-

quires that In En = 0

Unlike the full 8-line combinatorial method of Karyagin, the pro-

cedure outlined above has an  ambiguity with regard to distinguishing

between the ground state splitting and the excited state splitting.

Consequently, two sets of eigenvalues result from the analysis.  This

ambiguity can be resolved, however, by using the derived parameters to

calculate the spectrum and comparing the calculated intensities of the

lines with the experimentally observed values.  In practice, the improper

choice of the ground state splitting can sometimes be recognized by the

negative values for the absolute value of the matrix elements of the

excited state Hamiltonian, which occur in the analysis.

This method of analysis was applied th magnetic hyperfine patterns

of both (0(12 and CoF2 .  The estimates of the local field parameters

thus obtained were then used·as the initial starting point for a least

squares fitting  to the experimental spectra, using the approach  of  Ok

7and Mullen  in combination with the nonlinear regression curve fitting

program.  This latter program was modified in such a way that the number

of times the excited state Hamiltonian.matrix had to be diagonalized for

each iteration was reduced to seven.  With these programming features a

fit was obtained in less than one minute of computer time.

In the case of Fe in (0(12' the best fit to the data at 10'K was

found for the following values of the parameters which describe the

local field at the nucleus:
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H =  + 49 E 2 kOe

2
#e qQ =  + 1.16 f .06 mm/sec

0
8 =  90

0 =  1950

71=  0.34 & 0.1

The eigenenergies of the four sublevels of the excited state are

in units of the Doppler shift velocity (mm/sec):

El =  0.84 ,

E  =  0.50 ,2

E  = -0.36 ,3

E  = -0.98 .
4

The relatively small value of + 49 kOe indicated by the present

57                        0
experiment for the magnetic field at an Fe   nucleus in CoC12 at 10 K

differs from that measured for most ferrous ions in antiferromagnetic

compounds.  This value is consistent, however, with the magnitude of the

internal magnetic field found in other metamagnetic compounds. Ono, Ito

19
and Fujita observed zero magnetic field at the iron nucleus in FeC12

for temperatures as low as the X-point of helium, and they estimate the

49internal field to be 78 kOe in the case of FeI at 4.2'K.  Recently,2

Simkin2  has confirmed the zero field measurements in FeC12 and has

measured a 30 kOe internal field in FeBr2 below its Ne'el temperature.

The null result in FeC12 was attributed to a cancellation of the

orbital, Fermi contact and dipole contributions to the magnetic field

at the nucleus.  The small positive values observed for the internal

field at the iron nucleus in (0(12' FeI2 and FeBr2 indicate a tendancy
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t towards similar cancellations of the hyperfine field in the metamagnetic

layer compounds.

The analysis of the CoF2 data yielded the following parameters for

2+
the local field at the Fe nucleus at 11'K:

H =  -245 9, 2 kOe

2
te qQ =  +3.02 E .06 mm/sec

e = ·84 E 50

0= 4E60

1= 0.31 f .05

57
The first excited state of the Fe nucleus splits under the in-

fluence of this field into four states with eigenenergies:

El =  + 2.73 ,

E  =  + 1.72 ,
2

E  =  - 1.00 ,
3

E  =  - 3.45 ,4

where the convenient Mossbauer units of mm/sec are again used.

3+
The magnitude of field at the nucleus of the Fe ion is given by

the expression, H =.AV/|3gl - gol , with the assumption that the quad-

rupole interaction is negligible.  The measured overall splitting, AV ,

3+of the Fe   pattern at 11'K was 17.46 E .05 mm/sec.  This corresponds

to a magnetic field at the nucleus of -545 * 5 kOe.  The sign here is

assumed negative in keeping with the established results for other

3+
similar Fe m a t e r i a l s.

The MBssbauer spectra calculated from the above hyperfine field
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parameters and the experimental linewidths are shown in Fig. 24 along

with the experimental data.  The position and relative intensities of

the eight spectral lines are indicated schematically. In the case of

3+
CoF2' the Fe   pattern has been numerically subtracted from the data.

The sign of the internal magnetic field in the CoC12 case was de-

termined from the fact that the electric field gradient component was

previously determined to be positive.  The relative intensities and line

positions of the spectra, as calculated by diagonalizing the excited

state Hamiltonian, are very sensitive to the relative signs of H and

q.  If the sign of one is known, the other can be determined unambigu-

ously.

If one then assumes that the sign of H is negative in the case of

2+
Fe in CoF2' as it is with most Fe   magnetic hyperfine spectra, includ-

ing the similar material
FeF2 ' then the sign of q is positive in this

case.

57
The use of the Mossbauer effect with Fe to measure the,Neel tem-

perature of compounds in which the Fe ion is an impurity has been open

50               57
to question Sin:ce the Fe ion is a· substitutional impurity in such

experiments, it might be argued that the N4el temperature measured with

the MBssbauer effect in an impurity nucleus would be different than

that of the host lattice, because of differences in host-host and host-

impurity exchange interactions.  There is evidence, however, that.the

MBssbauer determination of the Ne'el temperature with impurity atoms do,
Iin  fact,  give  the Neel temperature  of  the host lattice. Measurements

57       7         50of the Ne'el temperature using Fe in CoO and MnF yielded the same
2

value as that obtained from macroscopic measurements.  The present work



89

0"- .  -  M /3

1
.1 11.

, m e 00 e
0                                    0

al

m
e

  3.
e e
  6-      =

94
a

ME 9-

11

2 12-

95,
,8      -4       6   '   4   '   8

Velocity (mm/sec)

0                a#
m              i me 9 e

S

c 2-0
HEL

8 4-

i m2 6-        e
8                       e            b
J£ 82

e

m

-5   13   -i     i    3    5

Velocity (mm/sec)

Figure 24.  Experimental MBssbauer hyperfine spectra and the
resonant emission spectra calculated from estimates
of the hyperfine field parameters. The position and
intensities of the spectral lines are indicated
schematically.  a) CoF2' T = 11'K.  b) Co(12' T = 10'K.
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gave similar results in that the Ne'el temperature for both CoC12 and

CoF2 as measured with the Mdssbauer effect are in agreement with macro-

Scopically determined values.

25
Erickson's estimates of the Neel temperature for the transition

0
element fluorides are consistently 10-15 K higher than Stout and

26                                                   51
Catalano's specific heat values.  Martel, Cowley, and Stevenson have

repeated Erickson's measurements for CoF2 very recently.  They find a

4
Neel temperature of 37.7 E .5'K which resolves the apparent discrepancy

in the earlier work, and also agrees with the present experimental

results.

The fact that both the ·3+ and 2+ magnetic hyperfine patterns

57
appeared ·in the MBssbauer spectra of CoF2:Co   is a further indication

that the Neel temperature as measured with the Mc;ssbauer effect in

impurity atoms is identical to that of thb host lattice.
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VI. SUMMARY

57
The Mc;ssbauer effect in Fe has been used to study the internal

fields in both CoC12 and CoF2'  The spectra have been taken both above

and below the Ne'el temperatures of the two compounds.

In the temperature range from just above the N&el temperature of

25'K to 670'K, the MBssbauer spectrum of (0(12 is a doublet.  Both the

magnitude and temperature dependence of the doublet splitting are in

quantitative agreement with the calculations, based on an application of

crystalline field theory to calculate the electric field gradient in

-1
ferrous ions.  A fit to the data gives the values of.A = 190 & 25 cm

2
for the trigonal field splitting and Q  = 0.7 & 0.1 for the covalency

factor.

These spectra also show an asymmetry which increases monatonically

with temperature.  This asymmetry has been interpreted as an example of

the Goldanski-Karyagin effect which arises from an anisotropic crystal

57
binding of the Fe  .ion in Co(12.  Analysis of the data enables us to

describe the lattice vibrations parallel and perpendicular to the c-axis

in terms of two characteristic MBssbauer temperatures, 0z = 140'K and

0  = 3000K.
X

57
The Mdssbauer spectra of CoF2:Co above its indicated NAl temper-

ature of 38 E loK consists of two superimposed doublets. One doublet

has the splitting and isomer shift charactertistic of a ferrous ion,
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while the other has the characteristics of a ferric ion.  These multiple

charge states appear only in the source spectra.  A sample doped with

57       57
both Co and Fe showed both doublets in its spectra when used as a

2+
source, while only the ferrous, Fe , doublet was observed in the MBss-

bauer spectrum of this sample when it was used as an absorber.

An analysis of the temperature dependence of the intensity of the

doublets, as measured by the area under the absorption curves, which is

2+
proportional to the recoil-free fraction, shows that the Fe ion, formed

57
by the decay of Co  , is more tightly bound in CoF2 with a characteristic

3+
temperature of e  = 500 & 50'K than the Fe   ion whose measured charac-m

teristic temperature is only 280 k 30'K.

.'

Although multiple charge states have been observed in Mdssbauer

57
spectra of non-metallic sources doped with Co  , this is the first ob-

servation of such·effects in a source with such a high characteristic

Mossbauer temperature,    .

The experiments performed with CoF2 eliminate both non-stochiometry

and the Auger aftereffect, of the type proposed by Wertheim for the case

3+
of CoO, as the possible origin of the Fe charge state in these spectra.

In light of this work and that of others, it is proposed that a local

lattice distortion caused by the Coulomb forces, arising from the high

ionic»,charge states which are produced by K-capture and subsequent

transient electronic  processes, results in a local environment in which

3+
the Fe ion is stable for a time which is much greater than the mean

57
life of the first excited state of Fe

0
Below the Neel temperatures the MBssbauer spectra of both compounds

are complex patterns.  Both can be interpreted, however, in terms of a
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combined magnetic dipole and electric quadrupole interaction acting

upon the excited state of the nucleus.  In CoC12 the strength of the

magnetic field is estimated to be + 49 & 2 kOe at 10'K.  The magnitude

2+
of the field at the nucleus of an Fe   ion in CoF2 at 11'K is found to

be -245 & 2 kOe, and a value of -545 & 5kOe is found for the field at

3+
the nucleus of the Fe ion: Estimates were also obtained for the values

of the other parameters describing the internal field at the nucleus.

The determination of the sign of V component of the electric fieldZZ

gradient in CoC12 from applied magnetic field measurements and crystalline

field calculations made it possible to determine the sign of the internal

magnetic field in this compound as positive. This result is in agree-·

ment with measurements made with other metamagnetic layer compounds.

The measured Neel temperatures for both CoC12 and
CoF2 of 25 * 2IK

0
and 38 *1 K respectively are in agreement with earlier measurements.

7.50This supports the current view -   that the Neel temperature measured

by the MBssbauer effect with an impurity nucleus yields·the same Neel

temperature as that of the host lattice.
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