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NUCLEAR ORIENTATION EXPERIMENTS IN
PARAMAGNETIC, ANTIFERROMAGNETIC AND

FERROMAGNETIC SUBSTANCES
ABSTRACT

Through the technique of adiabatic demagnetization of
paramagnetic salts substances may be cooled to temperatures of
the order of 0.1°K and O,,OIOK, At these low temperatures the
hyperfine structure interaction can produce an appreciable degree
of nuclear orientation. The orientation of an assembly of radio-
active nuclei may be detected by rheasuring the anisotropy in the
emission of gamma radiation. By this method we have investiga-
ted nuclear orientation in paramagnetic, antiferromagnetic and
ferromagnetic substances. X

. . . . 142
We have studied the nucliear orientation of Pr' "~ and

Y5175 introduced as impurities in paramagnetic single crystals
of cerium magnesium ‘nitrate.A The anisotropy of the 1.57 Mev:
3 -ray of Pri42 was measured as a function of temperature in the
range 0. 003°K to 1.0°K both in zero external magnetic field and
in a fieid of 320 gauss parallel to the trigonal crystal axis. Values
for the magnetic moment of Prl42 were assigned from our resuits
for two assumed decay schemes; these are 0. 11 nuciear magnetrons
for the spin assigmments 2 __0; 2 _» 0 and 0. 15 nuciear magnet-
ons for the spin assignments 2 —l) 2 ——2—)0. Similar experiments
were carried out on Yb™'”. Measurements were made in a variety
of external magnetic fields up to 700 gauss, and at temperatures

as low as 0.003°K. No anisotropy was observed for the 356 kev
>-ray, nor for the 282 kev #-ray. The most iikely explanation

for this result is that the lifetime of the »-emitting state is about
10'10 seconds. This conciusion has since received independent
confirmation, '

We have established that nuclear orientation can be
produced in antiferromagnetic single crystals. We have explored

some of the possibilities and features of nuclear orientation in this’
class of substances by investigating salts of manganese and cobalt
with transition temperatures differing by an order of magnitude,
Single crystals of these antiferromagnetic salts were cooled in
thermal contact with potassium chrome alum and the anisotropy
of the gamma radiation emitted by co% and Mn>4 introduced

in the lattice was observed. These measurements show that the
hyperfine structure splittings in the antiferromagnetic state are
comparable to those found in the paramagnetic state and give in-
dications that nuclear spin relaxation times may be of the order of
minutes and hours in antiferromagnetic materials at temperatures
below 1°K. ‘

We have attempted to detect nuclear orientation arising
from a possible hyperfine structure interaction at the anion in anti-
ferromagnetic MnBry4 Hy0 and Mn Cly4 Hp0. To detect the
nuclear orientation we observed the anisotropy of the gamma rad-
iation emitted ‘by Br82,introduced into MnBrp4 Hp0 and 1131 in
both MnCly4 Hy0 and MnBry4 Hy0. This attempt yielded negative
results.

The anisotropy of the gamma radiation of co® in a ferro-
magnetic single crystal of cobalt metal was measured before and
after heat treatment of the crystal. The results before heat treat-
ment show a significant discrepancy with the data reported by other
workers and differ from those found for the heat treated crystal. A
qualitative explanation of these results in terms of crystalline stack-
ing faults in cobalt metal is presented.

Work was initiated on nuclear orientation in binary ferro-
magnetic alloys. The nuclear orientation may arise from the hyper-

fine structure interactions which may exist in one or both components

of a ferromagnetic binary alloy. The intermetallic compound chosen
for special study was MnBi. Although only preliminary and inconclu-
sive results on the orientation of Mn"™ " nuclei in this substance were
obtained the techniqixe adopted is briefly described.



ABSTRACT

Through the technique of adiabatic demagnetization
of paramagnetic salts substances may be cooled to temperatures
of the order of 0.1° K and'O.Olo K. At these low temperatures
the hyperfine structure interaction can produce an appreciable
degree of nuclear orientation. The orientation of an assembly
of radiocactive nuclei may be detected by measuring the aniso-
tropy in the emission of gamma radiation. By this method we
have investigated nuclear orientation in paramagnetic, anti-
ferromagnetic and ferromagnetic substances.

We have studied the nuclear orientation of Pr142 and
Yb175 intfoduced as ilmpurities 1n paramagnetic single crystals
of cerium magnesium nitrate. The anisotropy of the 1.57 Mev.
f -ray of Pr142 was measured as a function of temperature in
the range of 0.003O K to 1.0° K both in zero external magnetic
field and in a field of 320 gauss parallel to the trigonal
crystal axis. Values for the magnetic moment of Prl42 were'
assigneﬁ from our results for two assumed decay schemes,‘these
are 0.11 nuclear magnetons for the spin assignments

2 O‘> 2 2 > 0 and 0.15 nuclear magnetons for the spin

assignments 2 ——l%> 2 —Jg—>~0. Similar experiments were
carried out on Yb175. Measurements were made in a varilety
of external magnetic fields up to 700 gauss, and at tempera-
tures as low as 0.003o K. No anisotropy was observed for
the 396 kev {Lray, nor for the 282 kev 'Y-ray. The most

'11kely explanation for this result is that the lifefime of the
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Y- emltting state 1s about lO"lo seconds. This conclusion has
since received independent confirmation.

We have established that nuclear orientation can be
produced in antiferromagnetic single crystals. We have
explored some of the possibilities and features of nuclear
orientation 1n this class of substances by investigating salts
of manganese and cobalt with transition temperatures differing
by an order of magnitude. Single crystals of these antiferro-

magnetic salts were cooled in thermal contact with potassium
chromé alum and the anisotropy of the gamma radiation emitted

by CoP° and Mn””

introduced in the lattice was observed.

These measurements show that‘the hyperfine structure splittings
in the antiferromagnetic state are comparable to those found

in the paramagnetic state and glve indications that nuclear
spin relaxation times may be of the order of minutes andvhours
in antiferromagnetic materials at temperatures below 1°K,

We have attempted to detect nuclear orientation
arising from a possible hyperfine structure interaction at the
anion in antiferromagnetic MnBro4 H,0 and Mn0124 H,0. To
detect the nuclear orientation we observed the anisotropy of
the gamma radiation emitted by Br®2 introduced into MnBr24 H,0
and I131 in both MeClyh Hy0 and MnBrph H,O. This attempt
ylelded negative results.

The anisotropy of the gamma radiation of 0060 in a
ferromagnetic single crystal of cobalt metal was measured

before and after heat treatment of the crystal. The results

before heat treatment show a significant discrepancy with the
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data repofted by other workers and differ from those found for
the heat treated crystal. A qualitative explanation of these
results in terms of crystalline stacking faults in cobalt metal
is presented.

Work was initilated on nuclear orientation in binary
ferromagnetic alloys. The nuclear orlentation may arise from
the hyperfine structure interactions which may exist in one or
both components of a ferromagnetic binary alloy. The inter-
metallic compound chosen for special study was MnBli. Although
only preliminary and inconclusive results on the orientation
of Mn54 nuclel in this substance were obtained the technique

adopted is briefly described.
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INTRODUCTION

In this thesis we present the results of experiments
in nuclear orientation in paramagnetic, antiferromagnetic and
ferromagnetic substanées.

Several methods have been proposed to obtain oriented
systems of nuclei and extensive experimental results have already
been obtained from the application of these ideas. An excel-
lent review of the methods suggested and'the experimental work
done has been given by Steenland and Tolhoek (1957). The
magnetic hyperfine structure method of orienting nuclel in
paramagnetic single crystals has been established by Danlels
et al (1951) and Gorter et al (1951) and has proved useful in
establishing details of nuclear decay schemes, and in evaluat-‘
ing nuclear magnetic moments (e.g. Grace and Halban 1952).

As part of a program to explolt the potentlalities of such
experiments, we have also made use of this methéd to orient
‘Prl)42 and Yb175 in cerium magneslum nitrate and investligated
the anisotropy in the emission of the gammaAradiation from
these isotopes.

142

Since the decay scheme of Pr is fairly well known

our measurements enabled us to deduce a value for the magnetic
moment of_Prlue. - This project was undertaken concurrently at
Oxford and the results are in good agreeﬁent. No anisotropy
was observed for the 396 kev ¥-ray, nor for the 282 kev ¥ -ray

which occur in the decay of Yb175. The orientation of this



isotope was also concurrently studied by the Oxford group in
the éthylsulphate lattice and anisotropies were measured for
these two gamma rays. Our negative results can be explalned
and reconciled with the positive results obtained by the Oxford
group by assigning a lifetime of the 6rder of 10—10 seconds

to the X:emitting state. This conclusion has recently been
confirmed by Vartapétian (1957) who measuréd a lifetime of

3.4 x 1077 seconds for this state.

It had been suggested that nuclear orientation could
occur through the hyperfine structure interaction in antili-
ferromagnetic crystals (Daunt 1951, Gorter 1951). We undertook
to test this suggestion using McCl2 MHQO which has an anti-
ferromagnetic transition at a temperature relatively high with
respect to the temperature range generally required for nuclear
orientation. _

Single crystals of Mn0124H20 containing some Mn54
were cooled in thermal contactvwith potassium chrome alum. Tﬁe
intensity of the 835 kev gamma ray from Mn54 nuclei was
observed parallel and perpendicular to the preferred axls of
’antiferromagnetic alignment. The measurements showed that the
ymanganese nuclei were in fact aligned along the preferred
axis. To further confirm this method of orienting nuclei a
similar experiment was carried out using antiferromagnetic
MnBrehHEO élso containing some Mn54. Although an anisotropy
54

in the emission of the gamma radiation from Mn was observed,

the long time required for the anisotropy to reach a maximum



in thgse experiments, about 100 minutes in the first case and
some 8 hours in the second, cast some doubt on the value of
this method. The slow increase of the anisotropy, hence of the
nuclear orientation may be attributed to long nuclear spin
relaxation times and to slow heat conduction from the crystals.
Since nuclei of different ions incorporated in the lattices

of the same crystal may have different relaxation times tbis
could provide a method of distinguishing bétweén these.pfo-

60

cesses., Some Co and Mn54 was introduced in a single crystal
of Mn0124H20 and the anisotropy of the gamma radiation was
obsefved simultaneously in separate counting equipment. The
measurements showed only a negligible anisotropy for the 0060
gamma radiation hence no conclusive information on this point
was derived from this experiment.

| The theory of Van Kranendonk and Bloom (1956) pre-
dlicted that the nuclear spin relaxation time in antiferro-
magnetic substances should be strongly dependent on the transi-
tion temperatufe. .In order to investigate this prediction and
to obtain further information on the general features of
nuclear orientation in antiferromagnetic single crystals we
undertook the following series of experiment. We studied
the orientation of Mn54 in MnSiF66H20 with a low transition

temperature of O.loK, 0060

in Coq126H20 and Co(NHA4), (SO4),
6H20 with transition temperatures at 3° K and 0.084° K
respectively. Significant anisotropies, hence nuclear

orientation, was observed in all these crystals, but the



experiments did not provide unambiguous evidence of long
nuclear relaxation times. The magnitude of the anisotropies
was generally comparable to those obéerved for the same
nuclel in paramagnetic‘single crystals at corresponding .
temperatures. This indicates that the hyperfine structure
interactions are not appreciably_altered,in the antiferro-
magnetic state.

We resumed the attempt to distinguiSh between the
effect of long nuclear relaxation times and gradual cooling
in these c¢rystals. In this second attempt we prepared a
single crystal of Mn81F66H20 containing some Co60 as an
impurity. The measurements in this case showed a relatively
large anisotropy and a comparison with the results of the

Mn54

experiment wlth in this lattice indicated a more rapid

rise of the anisotropy in the case of 0060. Consequently a
single crystal of this salt containing both MﬁSu and 0060 was
grown. Preliminary measurements with this crystal seem to
indlcate that the anisotroples increase at the same rate.

The difference 1n rise times observed with each isotope in
the crystals separately mounted must then be ascribed to
different rates of cooling and the contribution of relaxation
processes remalns obscure. In a similar,éxperiment both Co60
and Mn" were introduced in a single crystal of CoCl 6H,0.
Measurements showed a large anisotropy for the Mn gamma,
radiation. However the effecﬁ observed for the 0060 was too

'small to provide any reliable comparison in the rate of cool-

ing of the different nuclel.



Nuclear magnetic resonaﬁce experiments in para-

magnetic and antiferromagnetic substances have shown that
in some cases a hyperfine structure coupling exists in the
catibn. This free ion is expected to be diamagnetic and nor-
mally would not give rise to a hyperfine structure inter-
action. However in the solid state the electron conflguration
may be modified in such a way that the amplitude of the wave
function of the unpaired eléctfons does not vanish at the
position of the cation and a hyperfine interaction occurs
irf fhe nucleus has non-zero spin. |

| This phenomenon provides a possibillity of greatly
exﬁending the number of nucleli that may be oriented by static
methods. Experiments were undertaken to attempt to detect
nuclear orientatlon arising from this 1nteractioh by measur-
ing the gamma ray distribution of radioactive nuclel at
these crystal sites. A single crystal of MnBrzhHQO contain-~
ing Br82 was prepared and cooled and the anisotropy of some
of the gamma rays occurring in the decay of this isotope was
measured. In similar experiments 1131 was incorporated as
an impurity in the lattice of MnBr24H20 and MnCleﬂHzO single
crystals and the anisotropy of the 396 kev gamma ray‘from
this nucleus was Iinvestigated. No anisotropies were observed
in any of these experiments. . This may be due to long nuclear
relaxation times and inadequate cooling. This work 1is dis;

cussed in Chapter IV, Part II.



Measurements on metallic cobalt containing some
Co60 have shdwn the possibility of nuclear orientation in a
ferromagnetic material by the hyperfine structure interaction
(Grace et al 1955, Khutsishvili 1955). We undertook to extend
this method and determine whether a hyperfine structure
coupling occurred in both components of a ferromagnetic binary
alloy and coﬁld produce nuclear orientation of both types of
nuclel, The material selected for this.study was the inter-
metallic compound MnBi. Only the 1lnitial phases of this
project have been completed and no significant effects have
been observed to date with Mn54 in this lattice. Measure-

207 in this lattice have not yet been carried out.

ments on Bi
The experimental approach 1is described in Chapter V, Part II.
In preparation for the above experiment the author
sought to acquaint himself with various techniques of cooling
metallic specimens to temperatures below 0.05°K. To test these
different techniques the author used a single crystal of cobalt
metal contalning some 0060. The anisotropy of the Co60 gamma
radiation when referred to the reported data served as a
thermometric parameter and a measure of the effectiveness of
- the method of cooling. 1In the course of this work a signi-
ficant discrepancy was observed between the anisotropies
measured at various temperatures of the cooling agent and the
results reported by the Oxford group. Subsequently the
crystal was heat treated for some 10 minutes at about 1000°¢

and the measurements repeated. It was found that the aniso-

troples corresponding to various temperatures of the coolant



salt were appreciably reduced and now showed much better
agreement with the Oxford results. These experiments and a
tentative explanation are presented in Chapter V, Part I.

The general method of orienting nuclei by the
magnetic hyperfine structure interaction in paramagnetic,
ferromagnetic and antiferromagnetic crystals is reviewed
briefly in Chapter I.

The apparatus used in our experiments was set up by
previous workers in this laboratory and is also described

briefly in this thesis.



CHAPTER I GENERAL REMARKS ON NUCLEAR ORIENTATION

In nuclear orientation experiments we wish to pro-
duce a preferentilal population of certaln directions in space
in an asseﬁbly of nuclel., An isolated nucleus with spin I
can be considered to be in a (2I+1)-fold degenerate state.

If a weak magnetic field is applied, say in the z-direction so
that the degeneracy is resolved we have (2I+1) independent
states and we may regard each different state as corresponding.
to a different orientation of the nuclear spin with respect to
this axis. The different orientations or magnetic substates
are such that the z-component of the spin I has a value m
called the magnetic quantum number which varies from -I to +I
in unit steps. |

For an assembly of nucleli with random orientation the

probabllity wm of finding a nucleus in a substate m will be
l

2I+1
ation of the nuclel along a direction fixed in the laboratory

and will be independent of m. To produce an orient-

system, we must alter the relative populations of -the magnetie
substates of the nuclei from this normal equllibrium value.
Then for the assembly of nuclei the probabillty of the various
substates m will vary with m. When in an assembly of nucleil
the populations of the various m states are no longer equal
but equal numbers of nuclear spins are distributed among the

+m and -m states, the nuclear spins are oriented in direction

8



only and not in sense and we speak of an alignment. However
when the plus and minus m substates are no longer equally
populated, there occurs a preponderance of spins in one
direction over those in the opposite direction, the nuclel
are oriented in both sense and direction‘and a net magnetic
moment arises due to the nuclear magnets. The situation is
then referred to as a nuclear polarization. The word orient-
ation is used when no distinction is made betweén.polarization
and alignment.

The methods of producing nuclear orientation may
be divided into static (stationary) and dynamic (non-stationary)
methods. In the dynamic methods differences in the population
of the various m states are effected by causing transitions
either betWeen the various levels of the nuclel of of another
system which interacts with the nuclear spin system by means
of resonance radiation. We are not concerned with this
approach to nuclear orientation in this thesis. The general
aspects of the subject are reviewed in the paper by Steenland
and Tolhoek (1957). In the static methods the temperature is
lowered until a considerable difference in the equilibrium
populations of the various m states occurs. Except for some
very speclal cases the energy differences between the
different m states are so small that temperatures obtainable
onlyvby adiabatic demagnetization must be used in order to
produce any appreciable nﬁclear orientation by static methods.

The energy differences between the various m states

can result from interaction between the magnetic moment of
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nuclei and a magnetic field, and interaction of the electric
quadrupole moment of nuclei and an inhomogeneous electric
field. Thus nuclear orientation will depend on the magnetic
fields and inhomogeneous electric fields present at the
nucleus.

In order to use the interaction of the nuclear
electric quadrupole moment with an inhomogeneous electric

field to orlent nucleil, gradients of the order of 10%4

Volts/em?
are required at a temperature of 0.01° K. Pound (1949) pointed
out that inhomogeneous fields of this mégnitude may be set

up by the asymmetric electron cloud which occurs in certain
chemical bonds as is shown by the electric hyperfine structure
splittings observed. This method has been successfully applied
(Dabbs et al 1956).

The direct 1nteraction between the nuclear magnetic
moment and a strong external magnetic field (when no stronger
forces act on the nuglei) can in principle bring about. the
'required energy differences so that at sufficiently low
temperatures an appreciable difference in equilibrium popul-
ations of the various m states arises and leads to nuclear
polarization. Thils approach to the problem commonly referred
to as the Brute Force Method (Gorter 1934), (Kurti and Simon
1933) has been applied with success (Dabbs 1955). It was not
used in our work and we will not discuss it further.

It was pointed out that magnetic fields much more
powerful than those generally avallable in the laboratory are

already present at the nucleus of certain atomic systems.



These magnetic fields may be of the order of 105 to 106 gauss
and arise from the magnetic moment of the unpaired electrons
surrounding the nucleus. The coupling or interaction of the
nuclear magnetic moment with its surrounding electrons gives
rise to hyperfine structures in optical and paramagnetic
resonance spectra, and 1s referred to as the magnetic hyper-
fine structure 1lnteraction. .It has been suggested that the
hyperfine structure interaction may cause the desired diff-
erences in the energy levels corresponding to the various m
states of the nuclel so that at temperaturés of some
hundredths of a degree the lowest energy levels will be pre-
ferentially populated and an appreciable nuclear orientation
may be achieved.

To obtain nuclear orientation however it is first
necessary that the magnetic field of the electronic moments
be 1itself oriented with respect to some direction fixed in
- the laboratory system. The direction of this fleld will
depend on the orientation of the electron spins and orbits.
Several mechanisms may determine’the'orientation of the
electronic moments. Among these are the crystalline electric
fields, external magnetic fields and exchange interaction
(ferromégnetic and antiferromagnetic).‘.We discuss each
separately although all these factors may be present in an

actual situation.



A Crystalline fields

. The strength and symmetry of the powerful magnetic
field at the position of the nucleus will depend on the
electronic configuration. .In an assembly of lsolated atoms
(or ions) this magnetic field will have random orientation.
In the so0lid state however the neighbouring atoms set up an
electric field called the crystalline field which may alter
the electronic configuration and also influence the orient-
-ation of the electronic spins and Orbifs. Due to the regular
arrangement of the atoms in crystals this crystalline field
may have directionel properties. Hence not only will the
different relative orientations of the nucleus and atomic
moment have different energies but.different orilentations of
the nucleus and electronic system as a whole with respect to
some crystalline direction wlll have different energies.

The behaviour of a paramagnetic lon under the
influence of a crystalline inhomogeneous electric field has
been treated by several agthors and it,has been shown that”
the energy levels of a paramagnetic ion in a crystal possess-
ing axial symmetry about the z-axls may be represented by the
following Hamiltonian. (Abragam and Pryce 1951, Bleaney and
Stevens 1953).

2 2 _ 1 ]
B o=p[s2-1s (501 +a8,T, +B (5T, + 5T cnn (1)

This Hamiltonian is formulated in terms of an

effective electron spin S defined by setting the multiplicity

of the electronic levels equal to 28 + 1. I is the nuclear

12
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spin and the A and B terms represent the hyperfine structure
splitting due to the interaction between the nuclear mag-
netic moment and the magnetic field of the unfilled electron
shells., The term in D represents the splitting of the
electronic levels by the crystalline electric field. We
assume that no external magnetic field is present and we
neglect terms due to the nuclear quadrupole in the crystalline
electric fleld gradient.

To 1llustrate the influence of the crystalline
environment in terms of thils Hamiltonian we consider two
special situations. In the flirst the crystalline fields
lead direétly to nuclear orientation by causing a preferred
direction of the electronic angular momentum. In the second
the crystalline fields lead indirectly to nuclear orientation
through an anisotropic hyperfine structure interaction.

1) The manganous ion Mntt in the free state accord-
ing to Hund's rule is in a 635/? state_and should show no
hyperfine structure. According to Abragam and Pryce (1951)
the hyperfine structure may be due to an admixture of the
ground state and higher states with unpalred s-electrons. The
hyperfine structure is therefore isotropic and A = B in the
Hamiltonian given above.

If the electronic angular momentum behaves like a
free spin no preferred direcfion for the ﬁuclear spin will
exist. In such a case no nuclear orlientation could be

expected at any temperature.
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Although the hyperfine structure coupling is practi-
cally unconnected with orbital electronic motion, and hence
independent of the particular crystélline surrounding, it has
been found that the crystalline environment may still lead to
a preferred direction for the electronic angular momentum
and thus to nuclear orientation along this preferred direction.
This situation may be visualized in the following way. The
asymmetric crystalline field will cause a distortion of the
individual electron orbits so that the charge cloud 1nstead of
being spherically symmetric may‘become slightly elongated or
contracted along a drystal axis. The dipole~dipole energy of
the spins Vafies with thelr orientation with respect to the
axis of this distortion, and the orientation of the result-
ant spln of the lon with fespect to thils crystal axis will
haye different,energies. The 2S 4+ 1 spin states will'no longer
be equally probable. This is referred to as the fine structure
or Stark splitting and is represented by the D term in the
Hamiltonlan given above. This Stark effect causes a splitting
of the 6-fold degenerate electronic gfound state of Mn*t into
3 doublets. It has been found that in three Mn*t salts
~investigated by paramagnetic resonance: manganese fluosiliéate,
manganese ammonium sulphate and manganese bismuth nltrate
(Bleaney and Ingram 1951), (Trenam 1953), the overall Stark
splitting is of the order of 0.3°K. This means that below
vabout 0.05O K even 1in the absence of an external magnetic
field, only the lowest level will be appreciably populated. ‘
This lowest state is SZ = + 5/2 for the fluosilicate and the
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double nitrate (P<0) and predominantly S, = + 1/2 for the
Tutton salt (D»0). The isotropic magnetic hyperfine coupling
is of the same order as the Stark splitting so that alignment
of the electron spins 1s accompanied by alignment of the
nuclear spins.

11) 1In the case where S = 1/2 the term in D vanishes.
This means that the crystalline field has no direct effect
on the spin. There 1s however another mechanism which can
align the electronic moment and lead to nuclear alignment.

For ions in the iron group the 3d electrons are in
the outer shell and consequently they are strongly exposed to
the electric field of the neighbouring water dipoles. The
influence of the electric field on the orbits of the 3d
electrons may be larger than the spin-orbit coupling. The
crystal field in a large number of these salts arises from
an octahedron of water molecuies surrounding the magnetic ion
and it will have a symmetry dictated by the crystal structure.
The orbits of the electrons may then be more strongly dis-
torted in certain planes than in others. This "locking into"
the field of the neighbours of the orbital motion may greatly
reduce the orbital moment. It is then sald that the orbital
angular momentum is "quenched", i.e. the expectation value of
the compbnents of the orbital angular momentum L, Ly, Ly is
zero.

| _However the spin-orbit coupling cannot be completely
neglected. When it is taken into account and combined wlth

the influence of the crystalline field on the orbital angular
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momentum in perturbation calculations two genéral consequences
usually follow. First the lowest level of the ion may be
characterized by an effective spin st = 1/2 and a two-fold.
degeneracy remains. Second, the quenching of the orbital
angular momentum 1s partially removed and the expectation
values of LZ, Ly,'LX are no longer zero. Indeed the expect-
ation value for LZ is generally different from that of Lx and
Ly. Further the magnitude of the field which the unpaired
electrons produce at the nucleus varies with the orientation
of the electron spin S,. The electron which produces this
field at the nucleus is to be considered as distributed in
space according to some wavefunction. It is the nature of
this wavefunction, i.e. the shape of the."electron cloud",
which 1s responsible for the variation with orientation of the
field at the nucleus, and the shape and orientation of this
electron cloud is determined by the crystalline potential.
This means that the magnitude of the magnetié field at the
position of the nucleus will be stronger in the direction of
some crystal axls than in any other direction. The hyperfine
structure interaction is then anisotropic, i.e. A # B in

.the Hamlltonian given above and the direction and magnitude
of the anisotropy is linked to the crystal structure. In
fact it has been found in a number of salts investigated by
paramagnetic resonance that the hyperfine structure is

exceedingly anisotropic (Bleaney 1950).
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Although we have restricted our discussion to two
special cases in some actual instances both a Stark splitting
and an ahisotropic hyperfine structure may be present. 1In
such cases these two mechanisms will determine the orient-
ation of the electronic moment and hence of the nuclear spin.
In principle when the effective electronic spin S, the nuclear
spin_I, and the values of the constants D, A, and B are known,
the energy differences of the various levels may be calcul-
ated. Such calculations may be extremely compllicated and a
detailed discussion has been given by Bleaney (1951b). The
method of nuclear alignment through the influence of the

crystalline field is known as Bleaney's Method (Bleaney 195la).

B External Magnetic Field

At temperatures of a few hundredths of a degree a
small magnetic field of a few hundred gauss shbuld completely
polarize the electronic magnetic moments since kT is much
smaller than the splitting of the electronlc spin states in
the magnetic field. 1If a hyperfine structure coupling is
present and the temperature 1s low enough 8o that the thermal
energy kT is of the order of the energy differences corres-
ponding to different orientations of the nuclei in the
magnetic fleld of the electrons, the lower levels wlll be
preferentiélly occupled and an appreciable nuclear polarization
will occur. ;This method was suggested independently by Gorter
ahd Rose and is known as the magnetic hyperfine structure

polarization method (Gorter 1948, Rose 1949).
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In the ideal case the electronic moments to be
polarized by the external magnetic field should behave like
free spins;' In practice however a preferred direction for the
- electronic moments already exists. This as we have pointed out
above may be due to a Stark splitting in the crystalline fleld
and may arlse from the anlisotropy of the interaction of the
electronlc spin and nucleus system with the crystalline fieid.
The method will theh be most effective when the magnetic field
can be applied parallel to the axls of preferred direction
already present in the crystal.

The Hamiltonian for the energy levels of the ions now
has the form: _

z?v\’ = ﬁ"(sﬁzs_!+ 3L($(HXSX + Hysy) + D[S2 - %(S+1§] +AS, I;B(lex+sy1y)
cees (2)

where gy and g, are the values of g, the spectroscopic

splitting factor parallel and perpendicular to the z-axis,

CSis'the Bohr magneton, HzHny'are_the components of the

external magnetic field in the 2z,y,x directions respectively.

The terms 1n D, A and B have the same meaning as in equatlon

(I). We again assume that contributions from the interaction

of the electric quadrupole moment with the electric field

gradient are negligible.

To illustrate various aspects of thlis method we dis-
cuss briefly the polarization of Co60 nuclei in cefium magnesium
nitrate (Ambler et al 1953, Wheatléy et al 1955).

Trenam (1953) investigated the paramagnetic resonance

of Co++ in the isomorphous crystals of bismuth magnesium nitrate.
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For the Co'™ ion in this lattice the effective spin is

S' = % hence the D term vanishes in the Hamiltonian given

in equation (2).  There are two cott ions in the unit cell.
Assuming that the nuélear magnetic moment of 0060 is 3.5
nuclear magnetons and I=5 Wheatley et al (1955) have calcul-
ated the constants in the Hamiltonian from Trenam's data for

co?? (Trenam 1953).

For 3/8 of the ions

g, = 7-29, g ;= 2.34 A/k = 0,0216°K, B/k = 0.00008°K
while for 5/6 of the ions the constants are
g, = 4.11, g | = 4.38, A/k = 0.0065%%, B/k = 0.00786°K

The ratio 3:5 for the two types of ions was found tolfit the
nuclear orientation data better than the ratio of 1:2 given
by Trenam (1953).

We note that for 3/8 of the ions the hyperfine
structure 1s extremely anisotropic, hence some nuclear align-
ment would be expected 1n the absence of an external field
as in Bleaney's Method. Thls was observed by Ambler et al
(1953). For these ions the hyperfine interaction is aniso-
tropic with its maximum in the z-dlrection. Due to this
factor and the related large value of g along this axis, when
a small external fileld is applied in this direction we should
-expect a considerable degree of nuclear polarization in this
set of ions at low temperatures.

However for 5/8 of the ilons the hyperfine structure

is almost isotropic and in zero field no nuclear alignment



20

would then occur in these ions at any temperature. More
accurately, since B 1s slightly greater than A, the hyperfine
interaction is somewhat anisotropic with the maximum in the
x-y plane. This means that in zero field these nuclel will
show a small degree of alignment in this plane; hence will
align perpendicularly to the other set of nuclel. The overall
situation consequently does not commend itself for an appli-
cation of Bleaney's Method. But the large g value for this
set of ions make them very suitable for polarization by a
relatively smali magnetic field., With a small field, say
100 gauss, in the z-direction the presence of the B term in
the hyperfine interaction will tend to mix the nuclear magnetic
substétes and reduce the nuclear polarization. This effect
will become negligible as larger fields are applied. Never-
theless the hyperfine structure interaction of this set of
ions wlll not as readily lead to nuclear polarization as the
other group since the A term (and hence the magnetic field at
the nucleus) 1s appreciably smaller. The energy levels for
the two types of Co++‘ions in cerium magnesium nitrate with a
polarizing field of 280 gauss in the z-direction have been cal-
culated by Wheatley et al and are depicted in their paper
(Wheatley et al 1955). This group observed a maximum aniso-
tropy of the emitted gamma radiation of O.45 at the lowest
temperatﬁres using a polarizing field of 200'gaus§.

| Incorporating the Co++ ions in magnesium sites in

the lattice of cerium magnesium nitrate insures that very
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intimate thermal contact with a cold reservoir is established.
Crystals of this salt are particularly suitable as a refriger-
ator for the Co++ ions for two reasons. First, since the
nuclear moment of stable cerium 1is zero no hyperfine structure
interaction is present and dipole-dipole interactions are very
weak due to the large distances between the cerium ions in
this very diluted salt. Thus very low temperatures can be
attained by adiabatic demagnetization from moderate values of
H/T. Indeed these crystals have been cooled to temperature

of 0.00308% (Daniels and Robinson 1953). Secondly, the
g~-values of the Co+++ ion are highly anisotropic. The g-value
in the direction of the crystalline trigonal axis is

&= 0.25 and‘the g-value 1n the plane perpendicular to the
trigonal axis is isotropic and equal to g, = 1.844(Cooke

et al 1953). This means that with a polarizing field applied
along g no appreciable temperature rise will result. This
direction also corrésponds to that most effective for polarizing

the co*?t

ions and nuclel.

C) Exchange Interactions:

It 1s well known that exchange interactions may lead
to parallel and antiparallel alignment of the electronic
magnetic moments. When the exchange interaction is positive
it results in a parallel orientation of spins and we speak of
ferromagnetism, in the case Qf an antipafallel allgnment the
interaction is negative and we speak of antiferromagnetism.

These exchange forces may be anisotroplce in which case the

preferred direction of the electronic moments will not be
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determined solely by the crystalline electric field.

i) Antiferromagnetism: |

In a number of crystals there 1s a ceftain critical
temperature called the Neel temperature below which the atomic
magnetic moments are arranged alternately parallel and anti-
parallel due tQ a negative exchange interaction between near-
est nelighbours. It is thus possible to divide the magnetic
ions into two equivalent interlocking sub-lattices (or more)
in such a way that ions of one sublattice all point in a
given direction and are immediately surrounded by ions of
the other subiattice which polnt in the opposite direction.
For each such sublattice the magnetization approaches satur-
ation as T=> 0, but since the sublattices are magnetized in
opposite directions the resultant magnetization of the system
vanishes. Thus below the Néel temperature a certain degree of
alignment of electronlc moments willl exist which may lead to
a nuclear alignment through magnetic hyperfine coupling when
the substance 1s sufficiently cooled, as suggested independ-
ently by Gorter (1951) and Daunt (1951). In the ideal case
only two sub-lattices with a preferred direction of alignment
is desifed, however 1t has been found that in certain sub-
stances several sets of sublattices are present with their
preferred axis of alignment in different directions. Excel-
lent review articles on antiferromagnetism have been pre-
sented recently (Lidiard 1954, Nagamiya et al 1955).

Above the Néel temperature the moments may be dis-

ordered but more generally anisotropy forces in the crystals
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will constraln the moments to point along certain crystallo-
graphic directions. These directions may coincide with the
preferred axls or axes of antiferromagnetic alignment as in
cobalt ammonium sulphate and manganese fluosilicate. This
'i1s particularly evident in the alignment of Mn54 in manganese
fluosilicate reported in this thesis.

ii) Ferromagnetism:

In a ferromagnetic substance if the unpaired electrons
can be considered as sufficlently localized so that an appre-
ciable'hyperfine structure splitting can be expected then the
situation is again analogous to the paramagnetic and antiferro-
magnetic cases. In a ferromagnetic substance below a critical
temperature called the Curie temperature the positive exchange
interaction will cause a parallel orientation of the‘electro-
nic moments in a domain. 'If a preferred orientation of the
domains exists an alignment of the nuclel with respect to this
axis can ﬁe expected at temperatures of the order of O.lo K
and O.OlO K. In an external magnetic field which is high
enough to cause saturation, the domalns will point in the
same direction and a polarization of the nuclei may occur at
suitable témperatures.

AIn the absence of an external magnetié field the
anisotropy energy of the domains 1n a single crystal may be
of such a nature that several preferred directions for the
orientation of the domains exist along different axes in the

crystal. Such substances are not very suiltable for nuclear
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orientation. Nevertheless recently nuclear orientation
experiments have been successfully performed in such materials
using an external magnetic field to saturate the ferromagnetic
moments (Scurlock 1958).

In cases where the exchange interaction is large
(e.g. when an antiferromagnetic of ferromagnetic ordering
oécurs) the nuclear orientation can no longer be discussed
solely in terms of the energy levels of an isolated atom or
ion as represented by the spin Hamiltonian given above. We
must then introduce terms of the form J Si SJ, where J is a
parameter proportional to the magnitude of the lnteractions,
and.Si and sd are the spin vectors of the i th and j th
ion. When J))lh,the electron spin performs many fransi-
tions between different m states 1in a time 5%/A and the
effeétive magnetic field at the nucleus may be slgnificantly
modified. Since in this thesis we only present some experl-
mental data on nuclear orientation in such environments we
will not attempt to discuss this difficult topic in greater
. detail.

In the above discussion we have considered separately
three factors which may align the electronic moments and
through the hyperfine structure interaction or through an
effective magnetic field at the nucleus bring about a nuclear
orlentation. In an actual instance some combinatlon of these
mechanisms may be operative. An example mentioned was the
experlment with Co60 in cerium magnesium nitrate where nuclear

orientation occurred in zero field by Bleaney's Method. The
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orientation was enhanced and nuclear polarization produced
by the application of an external magnetic field. This is
also the case in the orientation of Prlue reported in this
thesis.

We have also referrgd to our experiment with manganese
fluosilicate where the huclear alignment by Bleaney's method
merges into nuclear alignment by antiferromagnetic ordering

as proposed by Daunt and Gorter.
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General Remarks on the Angular Distribution of Gamma Radiation:

The orientation of an assembly of nuclel may be
detected in several'ways; for example, by measuring the aniso-
tropy of emission of °(,(3 and X'rays or by measuring the
differential absorption cross section of polarized neutrons.
By far the easiest technique and the one we have used in our
research is the detection of the gamma rays emitted by some
radiocactive isotopes. We restrict our remarks to this method.

Since gamma radiation carries integral units of
angular momentum the wave function of the radiation will not
be spherically symmetric with respect to the nucleus. When a
nucleus makes a radiative transition in which the angular
momehtum I and.its component m along an axls of alignment
-change by AI and A m respectively, the polar diagram of thé
radiation will depend on the values of I, m, AI and Am. For
an assembly of nuclei with random orientation the radiation
will be isotropic. If, however, some orientations are pre-
ferentially populated the resulting radiation may no longer
be isotroplic and the polar diagram will depend on the relative
populations of the various m states and the multipole order
of the transitilon.

The radiation emitted by excited nuclel can be
classifled according to the angular momentum carried away
by the photon, and the parity changes involved in the transi-
tion. If the angular momentum carried away from the nucleus
is } then the radiation is said to be of multipole order 2'Q .

The polarization of the electromagnetic wave depends on the
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nature of the radiation which can be elther electric or mag-
netic, The nature of the radiation depends on both the multi-
polarity and the parity change involved in the transition.
Since no attempt was made in this research to study the polari-
zation of the radiation; we will not discuss this topic fur-
ther. The angular distribﬁtion of the radiation depends only
on the multipole order and not on the parity. The necessary
formulae may be developed starting from the wave function for
the photon and using the rules of addition of angular moments
(Daniels 1957).

The relative populations of the various m-states of
the gamma emitting state will be determined by the initial
relative population of the m-states of the parent nucleus and
all the transitions by which the parent nucleus transforms to
the gamma emitting state. To illustrate the approach we con-
sider one of the simplest cases where there is emission of a
beta ray to an excited state of the daughter nucleus followed
by a gamma ray de-excitation to the ground state as shown
schematlcally in the diagram.

M We assume that the spin of the various

3. Et’j | levels and the angular momentum carried

m o away in the beta and gamma transitions

AS (33

. ]
J‘ Q. : Firstly, we determine the polar

are all known and proceed as follows:

my diagram for the limiting case where all
7LJ radioactive parent nuclei are effect-
]
ively aligned; i.e., are in a definite

Jn d% " nuclear substate M. We can write at
’ a

once.s
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where ‘J - jl\ < j fE\J + 31, . The C&iliQ are the
172

Wigner or Clebsch-Jordan coefficients that can be evaluated
from the tables given in Condon and Shortley (1953). Now

we can evaluate for all ml that appear in this summation.

C‘) Ja m“ s
@Jl m, :%—- mm, T, JQ CpJo
cees (2)

My
where the')i. are the components of the normalized wave func-

tions for theaphotons of multipole order 0d2, Should the transi-
tion involve a mixture of radiations, all their wave functiohs
are considered and the relative importance of the radiations

of different orders 1s taken into account by introdu01ng weigh-
ing factors o(, (.3 and Y where o( +B+ x+ e = 1.

‘Returning now to the case of a pure multipole transi-
tion the probability of emission along the angle O between the
crystal axis and the direction of emission is obtained by
forming the product TP 37‘3. and integrating this latter

expression over all space but not over the angle B . Thus
X
M M '
T
§|Y3‘f\4 | q
J J )‘J J m m, n
S\ C |C3px¢

m-m mwna m, mm,m, J ,°”, (3)
= W,

we find:

Iy (e)
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The elgenfunctions (3 and (p form othonormal sets orthogonal
to each other so that finally

. » - a *
m, m
}_ \‘ CjJJI C“lj‘ljo Xa —x ao\rt,'
mam, mim, \ Mmm, mm,™, Ja ‘J-"
=M =m,
o o & 0 (u)
This 1s an expression of the form:
Iy (6) = 1+ aMcosze + chosue + —-- +,QM00329
: cees (B)
where 2"Q is the multipole order involved.

When the radiation is not a pure multipole, this
expression contains the parameters<{ ,(3 , ¥, ... mentioned
earlier. It should*be remarked that when the probability is
formed from ( ‘f " ‘1’ ? \ there are non-zero cross terms with
factors « 3, = \’, ... which appear. It turns out that they
modify considerably the angular dependence.

If there 1s a cascade of two or more gamma rays to
the ground state, then the formulae become somewhat more
involved since repeated use of the rules for summation of
angular momentum has to be practiced.

Steenberg (1953) has obtained formulae for the
angular distribution of the radiation as a function of
temperature for different methods of nuclear alignment and

polarization. Using his notation we have for any temperature:

IO - S w1, (6) cens (6)
M
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where the WM are the temperature dependent relative populations
of the substates M. The complete analytical expressions for
Wy are rather complicated. Steenberg gives for each method
of nuclear orilientation a perturbation calculation carried to
the second order.

A useful measure of the polar diagram and therefore
of the nuclear orientation is the anisotropy factor &€ which
may be defined with respect to an axis of alignment as follows:

s

£ - Ipiane = Iaxis eees (7)
IPlane

which in terms of the intensity distribution I ( @) discussed

above can be written:

I (™3) - I (0) cee (8)
I (")

where the I are the normalized intenslties of the radiation

E =

with respect to an axis of alignment,

To measure this parameter it is sufficient to use
simultaneously two counters, one along the axis of alignment
and the other perpendicular to it. The variation of the
anisotropy as a function of temperature is readily obtained
as the sample cools and warms up with time. In.general the
correct decay schemes can be deduced from the measurement of
this anisotropy factor, or alternatively if the decay scheme
is known, a value can be assigned to the nuclear magnetic

moment of the parent nucleus.



CHAPTER II DESCRIPTION OF THE APPARATUS

A The apparatus for adlabatic demagnetization

The cryostat and susceptibility bridge used in our
experiments were constructed by previous workers in this
laboratory and havé been described in detall elsewhere
(Lamarche 1956). Some additions were made to the equip-
ment. For the sake of completeness we describe briefly the
apparatus, as we have used it, in this chapter.

The paramagnétic specimen to be cooled by adiébatic
demagnetization 1s suspended inside a glass container or
"sample tube" which is connected to a high vacuum system. The
"sample tube" fits snugly inside a mutual inductance coil which
is part of a ballistic galvanometer circuit used in reading the
susceptibllity of the sample and hence in determining its temper-.
ature. The sample tube and the coil are immersed in a liquid
helium.bath contained 1n the usual set of dewars. The pressure
on this helium bath may be reduced by pumping with a large

capacity Kinney mechanical pump.

The High Vacuum System

A schematic diagram of the high vacuum system, whose
main function is to insulate the salt thermally before demagneti-
zation, is given in Figure 1.

The pumping equipment consists of a mercury diffuslon

pump preceded by a rotary pump and followed by a liquid air

31
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trap. It produces a vacuum of the order of lO"6 mm. of mer-
cury. A 5 litre reservoir with its own mercury manometer can
be evacuated from the high vacuum side and serves as a back
vacuum for the diffuéion pump should 1t be required'to stop
the rotary pump temporarily.

The sample tube can be eVacuated through two paths,

a narrow and a broad one. ?rovisions are made to evacuate the
syphon used in the transfer of liquid helium and the high
vacuum side of the mercury and of the oil manometers.

The exchange gas can be obtalned from the 300 cm3
reservoir which also has its own mercury manometer, or alter-
natively by taking fresh helium gas from the helium bath
through the pressure line leading to the manometers. To
read the pressure and help in detecting leaks in the system,
one gauge, two manometers and three discharge tubes have been
attached. The Phillips gauge with a range of 25 microns down to
0.001 microns of mercury is used to 1lndicate the pressure in
the sample tube as well as other parts of the system when
desired. The three discharge tubes are conveniently located to
help in leak detection and to show the nature and the approxi-
mate pressure of the gas at different points. The high ten-
gsion for the dilischarge tubes 1s obtained from an automobile
spark coil.

To pump over the liquilid helium bath, a large capacity
Kinney mechanical pump has been installed 1h a room adjacent
to the laboratory and‘is linked to the apparatus by a 5 inch

pipe. The pressure over the helium bath is read on a mercury
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manometer from atmospheric pressure down to about 40 mm. of
mercury. For lower pressures an oll manometer 1is used. .The
density of this oil (Apiezon B) is 15.85 times smaller than
thaf of mercury. At maximum pumping speed, a temperature of
1.3° K can be obtained; to help in attaining this temperature
some liquild air 1s kept in the cap which seals the liquid hel-

lum dewar.

The Sample Tube

The sample contalners used throughout our experiments
had essentially the same design. They were made of pyrex
glass, with an outer diameter of 18 mm. which gives a good fit
with the susceptibility coil, an inner diameter of 15 mm. and
an overall length of 25 em. The specimens used were fixed to
a strip of mica, or placed inside a lucite cylinder which was
suspended by nylon threads between glass hooks at top and
bottom of the sample holder. To allow for some leeway 1in sus-
pending the specimen and to enable the glass tube to be sealed
wilthout burning the thread, the bottom thread 1s attached to
the glass hook by a tungsten coil spring.

The Magnet

| An iron core, water cooled electromagnet with adjust-
able gap and 1lnterchangeable pole pieces was used in these
experiments. With a 2 inch gap and pole pieces 4 inches in
diameter thils magnet produces a maximum field of é2 kilogauss
with a power output of 75 kilowatt. -Sincé the water pressure

avallable in the laboratory is below that required for maximum
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power dissipation the magnet was generally operated at 160 volts
and 200 amperes, 1.e., 21 kilogauss.

This 2% ton magnet is mounted on a turntable carriage
rolling on a rallway and can be moved easlly to and from the

cryostat by one person.

The Susceptibility Bridge

The bridge to measure the susceptibility is a d.c.
mutual inductance bridge whose circuit 1is given in Figure 2.
The mutual inductance coll around the paramagnetic sample is
wound on a bakelite former and consists of two secondaries in
opposition separated by a gap of 1", and a primary extending
a total length of 5". One secondary is 1" in length, while
the other 1s 1%”._ The sample 1is placed inslde the shorter
secondéry at the centre of the former. The longer secondary,
near the end of the former serves as a compensator. Another.
compensator, at room temperature, can be varied continuously
from O to 4 millihenries. Hence the deflection before cali-
bration can be adjusted easily. In the course of our experi-
ments several susceptibility coills were wound wlth approximately
the same number of turns. Reference to Figure can be supple-
mented by the following data on the susceptibility coils.
S. had about 3000 turns and S

1 2
S.S.C. copper wire which at room temperature had a total d.c.

about 3600 turns of No. 40 B & S

resistance of ™ 1,600 ohms. The primary had about 600 turns of
No. 36 B & S D.S.C. copper wire with a room temperature resis-

tance of =X 75 ohms.
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B Gamma Ray Detection Equipment

Scintillation countefs were used.for the detection of
.the gamma radiation. The necessary equipment consists of Nal
crystals, photomultiplliers, cathode followers, linear ampli-
fiers; amplitude discriminators, pulse height analysers and
scalers. The radiation 1s recorded simultaneously in two
directions as the temperature of the radioactive specimen
varies; hence two separate channels are used as shown in the
block diagram given in Flgure III.

The NaI (TI) scintillation crystal, thé photomultiplier
with its'potential divlider, and the cathode follower form a
portable unit. The crystal is 1% inch in diameter, 1" lbng,
and was obtalned ready mounted from Harshaw Co. It is held in
opticai conﬁact on a RCA 6342 photomultiplier by Dow Corning
Fluid 200. The phototubes were magnetically shielded againsat
stray flelds by a Mu metal tubing and later by Conétic-Fermetic
tubing. The high voltagé supply was a commercially avallable
type manufactured by Technical Measurements Corporation (HV 4ay..
The potential is applied to the cathode, the dynodes and the
anode through a chaln of resistors. Cathode followers designed
for negative pulses were used.

The pulses‘from the cathode follower were fed into a
linear pulse amplifier through low impedance cables. The
amplifiers have been bullt following closely the circult and
the layout of the commenciﬁlly avallable Linera Amplifier Model
218 of Atomic Instrument Co. It consists of two separate three

stage amplifiers with negative feedback loops. The gain is
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controlled at the input by a potentiometer providing an adjust-
ment of the signal between 50% and 100% of its maximum value.

A coarse gain control follows which gives roughly steps of 2.
The gain of the amplifier is 6,000 for a rise time of some 0.7
microsecond and a pulse duration of 5 microsecond. Some modi-
fications of the original circuit have been made and detailled
circuilt diagrams are given in the thesis of G.L.J. Lamarche
(1956). The filaments on all tubes have been set at a D.C.

| potential of 40 volts with respect to the chassis. The signal
at the output is a positive pulse with amplitude between O and
100 volts. This signal is fed to an amplitude discriminator
and/or to a pulse helight analyzer. The amplitude discriminator
is the usual Schmidt trigger circuit. The output from the dis-
criminator 1s also a positive pulse with constant amplitude

of 40 volts. Since in general Berkeley scalers were used and
these will accept only negative pulses, the pulses are differen-
tlated before belng fed to the scaler. The single channel
pulse height analyzers were the commercially avalilable Model
510 manufactured by Atomic Instrument Company. The scalers
were Berkeley Decimal Scalers (Models 100, 2105, and 2001)

but Atomic Instrument Co. Model 101A Scale of 64 scalers were
also used.

The simultaneous use of a discriminator and pulse
height analyzer with a total ofiu scalers enable us to observe
the anisotropy of two different gamma rays in a single run.

In some experiments the entire electronic equipment was

duplicated by borrowing various components from other groups



37

in our department. This enabled us to accumulate more data
and better statistics in each run. A permanent duplicate
electronic set up 1s being assembled.

The electronic equipment operates on a standard
regulated 1 kilowatt power supply (Stabiline Voltage Regulator
made by Superior Electric Corp.).

The scaiers were turned on and off manually. Since
counting periods of 4 minute up to several minutes were used,
the slight error in turning two scalers on and off simultan-
eously that this procedure may introduce is negligible.

A palr of water coqled, alr-core Helmholtz colls was
constructed. These colls are operated in parallel and produce
a maximum magnetic field of 1,000 gauss at the center of a 3
inch gap with a current of 15 amperes flowing through each.
The dimensions of each coil are the following: Inner Diameter
4 1/2", Outer Diameter 8 1/2", Width 3". They consist of
approximately 1,100 turns of No. 16 B & S enamelled copper wire,
each 1ayer‘separated by strips of 1 mm. thick bakelite and the
whole is encased in a water tlght brass case. The coils fit
closely around the tail of the outer dewar 2 1/2" in diameter.
Prior to and durlng a run the curfent was passed through the
colls continuously so0 that the system was in thermal equi-
librium and the current constant.

The stray magnetic field produced by the colls at
the photomultipliers will completely disturb thelr operation.
This difficulty is solved by (a) removing the phototubes from

the strong magnetic field reglon, (b) by magnetic shielding,
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and (¢) by the use of a bucking coil.

The photomultipliefs were placed about 8 inches from
the scintillation crystals and a lucite pipe provides a path
for the light. The lucite rods, 1 1/2" in diameter, are well
polished and in good optical contact with the photomultipliers
and the crystals. The lucite rods are rigidly mounted with a
minimum of contact at the points of support. Besides the Mu
metal‘or Fernetic-Conetic tubing additional magnetic shlielding
was obtalned by placing two concentric cylinders of mild steel
around each phototube. The cylinders ektend about two 1nches
beyond the front of the phototube, they are 1/4 and 1/8 inch
thick each, and are separated by a thin brass sheet.

The above arrangement 8till does not provide adequate
shielding for the phototube in the direction of the field. In
-this case a bucking coil consisting of one layer of enamelled
copper wire was wound around the outer steel cylinder and the
current adjusted until the effect of the stray field on the
counting rate was approximately correéted. Due to the presence
of the steel cylinders inside the bucking coil the adjustment
of the current through the bucking coil 1s less critical. A .
change of about 10% in this current does not affect the
counting rate by more_than 1% once the current has been
adjusted. .The clrcuits of the bucking coll and the Helmholts
colls are placed 1in parallel; hence a change in the D.C.
generator voltage wili cause both to vary proportionately.

The detector units and the Helmholtz palr are

mounted on a turntable which 1s placed on a carriage rolling



39

on rails; hence the assembly can be moved easily and quickly
around the dewar, allowing the counting to start not later
than 30 seconds after the end of the demagnetization. Align-
ment of the detectors with respect to the sample was done
visually prior to the experiment using some distant objects
as reference points. The allgnment is estimated to be accur-

ate within some 50.



CHAPTER III  NUCLEAR ORIENTATION EXPERIMENTS WITH PI':LLI'2 AND

vbl75 NUCLEI IN PARAMAGNETIC SINGLE CRYSTALS

Historical Remark:

The research described in this chapter was initiated
by Dr. J.L.G. Lamarche while working as a graduate student in
this laboratory at the suggestion of Dr. J.M. Daniels. At that
time a 1liquid air cooled’solenoid capable of produéing a maximum
field of 14 to 15 kilogauss was used in this laboratory for
adiabatic demagnetization. ThisAcumbersome set up not only
limited the temperature range for investigations but rendered
the accumulation of statistical data a most laborious procedure.
Nevertheless preliminary measurements on Prl42 in zero external
field had been carried out down to a temperature of 0.0050 K.
These failed to show any reliable anisotropy greater than 1%.
Further extensive measurements of the 396 and 282 kev Xlrays
of Yb175 were performed down to a temperature of 0.005o K in
zero external field, and preliminary observations of both ¥ -rays
with an external field of 180 gauss parallel to the trigonal
axls were carried out down to a temperature of 0.009o K. These
measurements indicated no anisotropies greater than 1%.

When the large water-cooled electromagnet mentioned
in Chapter II became available the collection of more accurate
statistical data became much easier and the attainment of
lower temperatures became possible. It was decided to repeat

this work and extend the range of investigation to 0.003O K.

4o



The results reported 1n this chapter are based entirely on this

new series of measurements carried out by the author.

41



42
Part I

Nuclear Orientation of Pr142

Introduction:

Thé magngtic hyperfine structure method of orienting
nuclel has been eséablished by Bleaney et al (1954) and has
already proved useful, in establishing detalls of nuclear decay
schemes and in evaluating nuclear magnetic moments (e.g. Grace
and Halban 1952). As part of a program to exploit the potential-

142 in cerium

ities of such experiments, we have oriented Pr
magnesium nitrate by this method and have observed and measured
an anisotropy in the emission of the 1.57 mev Y '-ray which occurs
in the decay of this nucleus. A value of the magnetic moment

142

of the Pr nucleus has been deduced from these measurements.

Experimental:

The experimental technlque which we used is essentially
that described in detail by Bleaney et al (1954) and we mention
the features pertinent to this experiment. A solution of a few
milligrams of praseodymium nitrate in heavy water was irradiated
in the B.E.P.O. pile at Harwell to an aétivity of some 10
millicuries. It was then brought to Vanéouver by C.P.A.'s
transpolar flight, and the active solution was poured into a
saturated solution of about 10 grams of cerium magnesium nitrate.
Single crystals were then grown from this solution in a vacuum
dessicator over concentrated sulphuric acid.

Because of the short half life of the isotope special

care must be taken to accelerate the growth of the crystals.‘
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This was done by preparing beforehand several small well'
formed crystals of cerium magnesium nitrate. These are then
used as seeds from which large crystals can be easily and
qulckly obtained in the radiocactive saturated solution. We
found it possible to obtain within less than 18 hours some 20
well formed single crystals with a total weight of about U4 grams
and a total counting rate of about 100/second in the counting
apparatus with the écintillation crystals placed at awdistahce
of 10 cm from the source.

The crystals which are flat plates of trigonal symmetry
were glued with parallel crystallographic orientation on a strip
of mica. The strip of mica was tautly suspended by short nylon
threads in the glass sample holder which 1s then sealed and
mounted in the cryostat. The detectors are aligned with res-
pect to the plane of the mica by taking distant obJjects in the
laboratory as reference points. The crystals were cooled by
adlabatic demagnetization from an initial field of about 20
kilogauss and temperatures of 1.30K to temperatures of about
3x10-30K. After demagnetizatlion, the magnet was removed and
two scintillation counters placed in position round the specimen
in some 20 seconds. /One scintillation crystal was placed along
the trigonai axis of the radloactive crystals, about 10 cm.
from the source, and the other was placed at a similar distance
in a direction at right angles to this axis. The pulses due
to gamma rays of energy greater than 1 Mev were counted.

During the period when the crystals warmed up from the low

temperature attained on demagnetization to the helium bath
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temperature of l.3° K,.from 10 to 20 minutes according to the
conditions prevailing during an experiment, the counting rate
was measured in the two counters, and the temperature of the
crystals was measured using a mutual inductance and a ballistic
galvanometer (Chapter II p. 29, Bleaney et al 1954). After the
active crystals had warmed to 1.3°K, the counting rate was
observed for a whi&e to test the stability of the counters,

and for normallizatlion purposes. Iﬁ the second series of experi-
ments an external field of a few hundred gauss was applied to
the radiocactlve crystals by placing Helmholtz colls around the
dewar with the fleld along the trigonal axis. When these coils
were uéed the scintillation crystals were coupled to the photo-
multipliers shielded from the stray field as described in
Chapter II.

Decay Scheme

The decay scheme of 19.2 hour Prl)42 has been studied

by various workers, including Gideon et al (1949), Jensen et al
(1950), Bartholomew and Kinsey (1953), Polm et al (1954) and
Sterk et al (1955). The decay scheme suggested by Polm et al

k2 decays to Nd142 in two

(1954) is shown in Figure 4. Pr
branches: a beta of 2.166 Mev to the ground state and a much
less intense-beta of 0.586 Mev to the only low energy excited
level of Ndll42 followed by a 1.57 Mev gamma ray transition to
the ground state. The arguments for thils decay scheme are,
briefly, as folldws‘ Nd142 13 an even-even nucleus; 1its

ground state therefore is O+. The 2.166 Mev ¥ -ray has
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log ft = 7.8, and the first special shape appropriate to a beta
rtransitio’n with AI = 2, yes; the spin and parity of Prll42 are
thus 2-. The other beta transition has log ft = 7.1 and

allowed shape; 1t is therefore suggested that it 1s first for-
bldden with A I = O or + 1, yes. Since the first excited states
of nearly all eﬁen—even nuclel so far meésured have spin and

parity 2+, the excited state of NA '2

in this scheme 1is
assigned spin and parity 2+, and the Y -ray is assumed to be

E2.

Results

The absolute temperature of the radioéctive crystals
was obtalned from the magnetic susceptibility measurements,
using the relationship given by Daniels and Robinsoh (1953).
The Curie-Weiss A for our specimen was determined by compariﬁg
the measured value of the magnetic temperature T after |
demagnetization with the value calculated from the initial
magnetic field and the initial temperature. Its value was
2.6 millidegrees which 1s a reasonable Value according to
Daniels and Robinson (1953).

We can define the anisotropy parameter*E'by the

relation: E = (,I.-'-‘ i")/I.L,

where I W and I are the normalized counting rates in

4.
directions parallel and perpendicular' respectively to the
trigonal axis of the crystals. Values of & for the same
temperature range, but from different demagnetizations, were

éver’agec\ to improve statistics.
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The results of the measurements are shown in Figures 5
and 6 in which £ is plotted as a function of 1/T. Figure 5 is
for the case where an external magnetic field of 320 gauss is
applied parallel to the trigonal axis of the crystals. This
field strength was chosen after preliminary measurements did not
show any appreciable difference between results obtalned using
fields of 160, 250 and 400 gauss along this axis. In each
figure the solid curve 1s the curve of the form E==a/T2 which
best fits the data. For zero external magnetic field a = 4.95
X 10'79K'2, for an external field of 320 gauss a = 18.7 x 10~ Tox-2,
These results may be compared with those obtained at Oxford in a
similar experiment with Pr142 in certain magnesium nitrate
(Johnson 1958). From thelr published curves we can estimate the
value of a. In the case of zero external field a = 8.7 x 10~ Tog-2,
Since this value 1is larger than ours by a factor of about 1.7
the agreemeﬁt is somewhat poor. In the case of an external mag-
netic field of 300 gauss where a = 22 x 10"7°K'2(Oxford) the
agreement 1s quite good. The value of the nuclear magnetic
moment of Prlu2 1s estimated from the latter curve as shown
below. The Oxford group also observed that the anisotropy did
not increase at a given temperature in external fields larger
than 300 gauss.

The possibility was considered that bremsstrahlung
from the 2.166 Mev @r-ray could be counted as ¥-rays and
reduce the observed anisotropy. Calculations based on formulae

in Siegbahn (1955) showed that this effect i1s negligible.
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The threshold of the dlscriminator was set at 1 Mev to get a
good counting rate. 1In this case one must consider the reduc-
tion of anisotropy due to scattered gamma rays. Such a cal-
culation was made by Bleaney et al (1954) for the case of co®0
in an apparatus which 1is essentially similar to ours. It was
found that this correction is quite negligible for values of
£ as low as 0.04, and we have therefore ignored it. It is
very unlikely that the lifetime of the gamma emltting state is
greater than about 10'13 seconds (Welsskopf's formula predicts
a lifetime of 10'14 second for an El transition, and 10—12

second for an E2 transition) hence loss of anisotropy due to

precession in the crystalilne fields can be discounted.

Discussion:

The double nitrates M2Mg3(NO 24 H,0 where M is one

3)12
of La,Ce, or Pr, are lsomorphous and form mixed crystals in all

proportions. The paramagnetic resonance spectrum of the stable

1sotdpe, Pr141

s as an impurity in lanthanum magnesium nitrate,
has been observed by Cooke and Duffus (1955), who assigned to

this ion thespin Hamiltonian:

dD‘Q = g”@HZSZ + AS I, + Axsx + Aysy cees (1)
where g, = 1.55 A = 0.077 em

. q -1

A = Average A.x +A7':o,ol4 em

S =1/2 I=25/2

and the z~-axls 1s the trigonal axis of the crystals. The prttt
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ion has an even number of electrons, and hencevthe energy
levels need not be doublets (Kramer's theorem). However the
symmetry of the double nitrate crystal 1s such that the ground
state 1s an accidental doublet. Strains and other distortions
can cause a splitting of this doublet, and it has been sug-
gested that this is the origin of the A—term. There is no
unique value of A , a different value being appropriate for
each ion, but an "average"value of A can be assigned. A is
probably structure-sensitive. The most general spin Hamiltonlan
with trigonal symmetry has terms 31‘3(Hxsx + HySy)‘and

B (SXIX + sny) in addition to those in equation (1). To the
accuracy of published measurements, both 84 and B are zero.

In the case where S = 1/2, g, =B =0 and A = 0, magnetic
interactions between the ions do not affeét the angular distri-
bution of gamma rays (Daniels 1957). In this case also, an
externél magnetic field applied along the z-axis has no effect
on the angular distribution (Daniels 1957).

Case a) If the decay scheme is 2 -2 2-250 (1.e.
the (3 -V palr carries off no angular momentum) the normalized
intensity distributions Im(Q) for the various m-states of the
parent nucleus are: |

I (6)

+2

fl(e)

I4(8)

I

5/16 T (1 - cosqe.)

5/16 T (1 -.3 00529 + 4 cosue ) oo (2)

5/16 T (6 cos®g§ - 6 cos'p )



49

0
Case b) If the decay scheme is 2_'—-}—)2 —30
(i.e. the (3- V palr carries off one unit of angular momentum)

the normalized intensity distributions are:

I (B) =5/16 T (1 - cos®9 + 2/3 cos™p)
+2 | | '
Il(e) = 5/16 ﬁ (1/2 + 5/2 cos®p - 8/3 cos™ B ) ee. (3)
+ A
2 4
Io(e) =5/16 T (1 - 3 cos® + 4 cos ¢ ).

We may calculate the polar diagram as a function of

temperature from the relation:

I(6) =) wI (6) . ceee (4)
m

where wm are the temperature dependent relative populations'of
the substates m. In a state of thermal equilibrium we may

assume a Boltzmann distribution consequently:

E
- m/kT _
wm —3 e o e 00 (5)
Y Ak
m
where Em is the energy of a nucleus in substate m.

If the energy Em is small relative to kT we may
expand the numerator

-E_/kT o -

m 2me
= 1 - kT T ceo s e

e E,/ +_Em/2k | (6)
and we may neglect terms of higher order.

In the absence of an external fleld fhe energy levels

are given from the Hamiltonlan equation (1) by:

Em=il/2\/ (A m)2b + A2 ....‘(7)
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where m in the nuclear magnetic quantum number and takes on the
Values 2,1,0’-1,-20

If we define the anisotropy by £ = I (T/a) - 1 (0)
I(7y)

the calculation yields for case a)
BAQ/ 22 :
2 _
€ = KT ~ 3A ... (8)
2 2 — .
o4 A/gg;T“ TRLY/B AT S

and for case b)

2
£ - 3A L fer ~ _3A°

= o~ ert (9)
I+ Aa/ula.ra. + qAQ/BaR’TQ‘ 3afeT?

If A and A are small relative to kT this procedure
is valid. However since the anisotropy is appreciably
increased in the presence of an external field along the tri-
gonal axis these approximations are quite suspect.

We therefore proceed to investigate the behaviour of
the'energy levels when a magnetic field is applied along the
trigonal axis (i.e. the z-axis). The ehergy levels are then

given by:

Em=i%\}(g”BH+Am)2 +A_2 eees (10)

If we used the approximation given in equation (6)
the expressions (8) and (9) would then contain an additional

term in (g”(SH )2 in the denominator and would be less valid.
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We note that as (g”(SH) increases relative to a and A the
energy levels become separated and the separation between the
different m-states approaches the full value of A /2. This
corresponds to the separation in zero field with A= 0. For
instance 1f we assume gHQH =2A, and [ ¥ A, we obtain
levels at + 3.04A, + 2.55A, + 2.06A, + 1.58A, and + 1.12A.
Since the measurements with magnetic filelds greéter
than 320 gauss did not indicate any increase in the anisotropy
at a given temperature we assumé'that in a magnetic fileld of
320 gauss the levels have attained the full separation of
A/?. We may then proceed in the following manner.
Let + Ep = + E, + mA/2 where E, is some constant energy term.

We then expand the numerator in equation (5)

+E, /KT +E,/kT + mA/2kT + E /KT |
é—Em/ = e o/k / X e o/ 14+M 4,1 m®
2kT 8 kT,
) ) oooo'?(ll)
where we neglect higher order terms. SincelEo| > A/2 we may

~Eo/kT and we note

neglect the terms containing the factor e
that the factor eEO/kT cancels out. Hence we calculate I ()
of equation (4) and obtain for the anisotropy defined above

the following expressions:

2
Case a) & = 3 A" , cee. (12)
' : 16 k27
» |
E = 3 A | cee. (13)
32 kT =

From the anisotropy measured in a field of 320 gauss and

equations (12) and (13) we determine the hyperfine structure
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constant A/k. We find

0.0032°%K

Case a) A/k

Case b) A/k = 0.0045°%K

n

If we assume that A= O, upon substitution of these
values for A/k into the appropriate expression given in equa-
tions (8) and (9) we note that this does not introduce
appréciable reduction of the anisotropy for values of T as
low as O;OOSOK. For instance the denomlnator becomes 1.13
and 1.23 in case a) and b) respectively at this temperature.
The decrease of the anlsotropy in zero fleld must then be
attributed to the term in A . We may estimate the magnitude
of the term A required to reduce the anisotrop& to the zero
field measurements using the exact expression for I (@) and
calculating the anisotropy £ at various temperatures for !
several values of A . These calculations show that a [ o 10A
and Y T7A gives a good fit to our results for case a) and
case b) respectively.

From the values of A/k determined above we may
estimate the nuclear magnetic moment of Prluz. Since the
field on the praseodymiﬁm nucleus is due to the U4f electron
shell, independent of the 1sotope, this field is

H= A, 141/7“h1 = Ajyo 1424/Ah2‘ For the stable 1sotope
Prlul the values are known

1

- : o fe)
4 = 3.8 Am,, A0 = 0,077 em™ ™ = 0.111°%¢
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It is then a simple matter to substitute into these formulae

to findj-klb(‘2 . The result is: /4142 = 0.1l nuclear magnetons
if the ~¥ palr carries off no angular momentum, or = 0.1
nuclear magnetons if the{3ﬂ/pair carries off one unit of angular

momentum.
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Part IT

Nuclear Orientation Experiments with Ybi7D

Introduction

To further exploit the potentialities of orlenting
nuclel by the magnetlc hyperfine structure method we performed
experiments to orient Yb175 as an 1mpurity in cerium magnesium
nitrate. When these investigations were started, it was dis-
covered that a group at Oxford were preparing to align this
isotope. At that time, very little was known about the effect
of interactlions between neighbouring paramagnetic ions on the
angular dlstribution of gamma rays from an assembly of aligned
nuclel, except that such effects could be large (Grace et al
1954)., In addition, only one 1sotope,‘Co6o, had been aligned
in more than one crystalline environment (Bleaney et al 1954,
Ambler et al 1953). Since the Oxford grbup planned to orient
Yb175 in the ethylsulphate lattice, and we planned to align it
in the double nitrate lattice, 1t was thought that these
investigations might complement each other and yleld information
about the effects of interactions. The results of the investi-
gations at Oxford have been published (Grace et al 1957) and

are indeed very different from ours.

Experimentél

The technique used to orient the ytterbium was exactly
the same as that used to orient praseodymium described in

Part I of this chapter.
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The starting materlial for these investigations was
Yb203 separated by the ion exchange method, and supplied to
us by Dr. F.H. Spedding of the Ames Institute. One milligram
was irradiated in the NRX pile at Chalk River, to an activity
of about 5 millicuries. On receipt of the irradiated sample,
the quartz capsule was crushed under about 20 cc. of water con-
tained in a platinum crucible. A special jig was used for this
operation. About six drops of concentrated sulphuric acid were
added, and the whole was evaporated to dryness, first on a sand
bath and afterwards under a heat lamp. The residue was then
dissolved in about 20 or 30 cc. of water. This solution was
filtered into a beaker and about 15 cc. of_saturaﬁed solution
of cerium magnesium nitrate was added. Crystals were grown
from seeds placed in this solution in a wvacuum dessicator over
sulphuric acid.

The double nitrates of the rare earths exist only for
the rare earths from La to Gd, and ytterbium magnesium‘pitrate
does not exist as such. However, some ytterblum does go into
the crystal lattice. After a crystal was removed from the
solution, it was washed with distilled water to remove any solu-
tion from its surface, and dried with filter papef, to preclude
the possibility that the activity 1ls due to a layer of dried
off solutibn on the surface. The cfystals were generally clear
enough for the observer to see that they contained no large
inclusions of solution. On one occaslon, a sample of Yb203
became contalminated in the irradiation, and the solution from

which the crystals were grown emitted a gamma ray of about
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TO0 kev energy, yet thls gamma ray was completely absent from
the crystals grown from this solution. In this way we are sure
that the ytterbium ddes g0 into the crystal lattice; it 1s most
reasonable tq assume that it goes into a rare-earth position,
although there 1s no direct evidence for this. The specific
activity of the crystals was about 1/30 that of the solution.

Decay Scheme:

The principal features of the decay scheme of Yb175

are shown in Figure 7. ‘This decay scheme has been studled by a
variefy of investigators de Waard (1955), Akerlind et al (1955)
Marty (1955), Mize et al (1955a, b), Cork et al (1956) and has
been analyzed theoretically by Chase and Wilets (1956). We
shall therefore assume that the decay scheme is established
correctly.

During the irradiation of natural ytterbium, three
isotopes are formed, 4.2 day Yb175, 32.4 day Yb16?, and
6.7 day Lu177. However, about 10 times as much Ybl75 as
Yb169 or Lur’T 1s produced (Cork et al 1950) and the 396
Kev Xcray of Yb175 has a greater energy than any other from

any of the three isotopes. Yb169 has a ‘xiray of 300 kev,
but this is less intense than the 282 kev Y-ray of Yb175.

Results:

Measurements were méde on both the 396 kev Y-ray
and also on the 282 kev ¥ -ray; for the former a bottom cut
discrimlnator was used, set to pass the photopeak of the 396

kev Xlray; for the latter a single channel kicksorter was

56
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used, set to pass only the photopeak of this ‘¥3ray. Measure~
ments were made with zero external magnetic'field, wlth fields
of 260, 380, 510, and 700 gauss parallel to the.trigonal
erystalline axis, and with fields of 60, 100, and 160 gauss
perpendicular to this axis. In no case was any significant
anisotropy of ¥-radiation observed at any temperature. The
results for the 396 kev ¥-ray are shown in Figure 8 and the
results for the 282 kev Y-ray in Figure 9.

From measurements of the anisotropy of these two
¥-rays from Yb175 oriented in ytterbium ethylsulphate, Grace
et al (1957) deduced a value for the magnetic moment of Yb175;
1ﬁ is 0.15 1.0.04 nuclear magnetons; the sign is not known.
The 396 kev Y-ray and the 282 kev ¥-ray are both M2 with a
small admixture El. The experlments so far carried out do not
give consistent values for the mixing ratios of these Xlrays

(Grace et al 1957).

Discussion:

No one has observed paramagnetic resonance in ypt+t
in the doqble nitrate lattice, hence the spin Hamiltonian is
not known. An estimate of the constants in the spin Hamiltonian
was made. Since the detalls of these calculations are presented
elsewhere (J.L.G. Lamarche 1956) we will only indicate the
general procedure and the results.

We assume that the crystalline field acting on the
ytterbium lon 1s the same as that acting on the cerium ion;

the coefficlents for the expansion of this field in a series of
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spherical harmonics are given by Judd (1955a). We assume
that the formula given by Elliott and Stevens (1953a) for the
radius of the 4f shell,

| rn=< (2 -.55 )-n/é | - e (1)

is applicable in the case of YbT+T, Using these values of
crystal field parameters and'ionic radii, we can work out an
energy matrix for the ytterbium ion using the mefhod and
formulae given by Sﬁevens (1952), Elliott and‘Stevens (1952,
1953a, b), and Judd (1955a, b). The results of these calcul-
ations are as follows: whereaénthe free Yottt ion has J = 7/2
and an eight-fold degenerate ground state, in the double nitrate
environment, this degenerate level is split into 4 doublets
whose energles are - 2.26, +39.4, +0.4, and -37.5 em.”1. The
state with energy -2.26 cm-l is the doublet spanned by

|JZ = 3/2> and |JZ =-3/2> , which lies lowest in the
ethylsulphate. The lowest energy level 1s the one at -37.5 cm-%

This 1s spanned by the wave function.

o.794 |7/2) - o.sau|1/2) - 0435|520 =] +)
e (2)

and

~0.79% |-7/2> - o.ueul-12) 4 0.435 | 5/2)=]-)

We assume a spin Hamiltonian of the form

- g, BH,S; + g B(HSy + HySy) + A ST, + B (8,1, + SyT)
e (3)
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The g values in this spin Hamiltonian can be obtained

from:

30 = Al<] Lar 3519 = ksl Al

ceee (4)

(5)

52+ 2ol te 5819 = AREIAIXH I

where the <:J} laAL\‘ ;C)are constants given for each rare
earth. |

Thus we find for Yb™** in cerium magnesium nitrate:

3" = 4,2 .3.L= 2.9
The extent of the hyperfine structure 1s given by

A I and B I. These can be evaluated by the following formulae:

4_.(3.‘(5’N/*N (;;@H N || D] - (6)
B ()X |3l e

i

AT

w
H
¥

where the <J “ N “ J> are agaln constants given for each
rare earth. Here agaln we use our initial assumption to ‘
approximate r~3 which for Yb'*t has the value 91 X 10 24 2-3.
Assuming that the magnetic moment of Ybl75-is 0.15 nuclear
magnetons (Grace et al 1957) and dividing by the Boltzmann

factor, we obtaln

AI=0.024 B I =0.017%
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It 1s true that it is rather optimistic to expect such
a calculation to give a result which is quantitatively correct,
but unfortunately no better estimate of the propertles of the
ytterblum ion in this lattice exists. On the basis of these
estimates, we should expect to observe nuclear orientation under
the conditions of our experiments.

In view of the established fact that sizeable aniso-
trbpies of both the 396 kev ¥ -ray and the 282 kev ¥-ray have
been observed from oriented Yb175 nuclei (Grace et al 1957),
the‘absence of an anisotropy in zero field 1n our experiment
can be explained by one or more of the following hypotheses:

(1) The ytterbium ion does not enter the lattice in

a rare-earth position. '

(1i1) The spin Hamiltonian 1is isotropic; 1.e. g),= 8,
and A = B,

(111) Magnetic interactions in the double nitrate
crystal destroy the alignment of the ytterbium
nucleil.

(1v) The ¥-emitting state is long-1lived and precession
of the excilted Lu175 nucleus in the internal atomic
flelds destroys the alignment before the emission
of the Y-ray. _

As for the hypothesis (i1), the application of an
external magnetic field infany direction should cause an aniso-
tropy of ¥-emission to appear (Gdrter 1958; Rose 1949;

Ambler et al 1953). Since this does not'occur, the‘possibility

" of the other hypotheses must also be consldered.
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Hypothesis (111) is certainly applicable in this
case; The theory of the effect of Interactions has been glven
by Daniels (1957), and an order of magnitude calculation based
on the formulae given there shows that the magnetic interference
can be much greater than the forces which tend to orient the
nuclel. Nailvely, the internal field at a rare-earth site is
about 30 gauss; this will produce a splitting of the ground
state of about-0.0loK, whereas the forces which tend to produce
spatial orientation are of thé order of magnitude of (A - B)TI
I, or about 0.007°K. However, the applicatlion of an external
field larger than the internal field of 30 gauss should cause
an anisotropy to appear, andrthis is not so.'

‘Hypothesis (iv) 1s quite sufficlent to explain our
results, and also to explain the difference between our results
and those obtained at Oxford. 1In the spin Hamiltonian for
the Yb+++ ion 1In the ethylsulphate, g, = 0= B. .Under these
circumstances, the angular distribution of ¥-rays is not af-
fected by precession of the Y -emitting nucleus. This 1is easily
seen, for the angular distribution of Xlrays ls given by an

expression of the form
Z 3? <’\V’t'lpl’\y’r> e (8)
T ,

where g,r is a statistical disﬁribution (e.g., Boltzmann)
factor, “ﬂris a wave-function of the ion containing the

Y -emitting nucleus, and T'is an operator which represents the
angular distribution of ¥-rays (see e.g., Daniels 1957).

Because of the axial symmetry of the ion and its environment
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in a representation with SZ dlagonal only the diagonal
elements of [’ appear in the result. If there is precession
for a time t before the emission of the Y¥Y-ray, [' must

be replaced by exp [+1£f t/h] r exp [-1 X t/’ﬁ] . Now
the spin Hamiltoniangq for ytterblium ethylsulphate is diagonal
in this representation and hence the diagonal elements of

exp |+1H t/'h] [T exp [-iﬂ’ t/ﬁ] are independent of t.
Thus the angular distribution of Y-radiation in ytterbium
ethylsulphate 1s not affected by precession. This is not so
for the more general spin Hamiltonian which presumably applies
to the double nitrate. It is difficult to estimate the life-
time necessary to wipe out all the anisotropy which should be
there. If we take as a rough criterion that the lifetime
should be about as long as it would take for the excited

Lu175 nucleus to precess in the atomic magnetic fleld, the
result is about 10710 seconds. Chase and Wilets (1956) have
explained that for both Klrays, the El1 transition is strongly
inhibited, and the lifetime should be about thét appropriate
to an M2 transition. Weiéskopf's formula for the lifetime of
a 400 kev M2 emitting state gives 10-8 seconds; since the
transition in Yb175 1s a collective transition, not a single
nucleon transition, a lifetime of at least 10-10 seconds is
more likely. A question arises whether the spin Hamiltonlian
of the ytterbium ion should be used during the precession,
since after the (-emission the electronle configuration should

be that of lutecium, which is not magnetic. This depends

principally on the lifetimes of the U4f states. These are
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probably about 10-6 to 10'8 seconds, typlcal lifetimes for
optical transitions, énd in the absence of further information
the use of the ytterbium spin Hamiltonian is justifilable.
Thus, 1t appears that hypothesis (iv) is adequate to explain
our results. This conclusion has recently been confirmed

by Vartapetian (1957) who measured a lifetime of 3.4 X 10-9

seconds for this state.



CHAPTER IV  NUCLEAR ORIENTATION EXPERIMENTS IN ANTIFERRO-
| MAGNETIC SINGLE CRYSTALS

Part I

60

Nuclear Orientation Experiments with Mn5l4 and Co in

Antiferromagnetic Single Crystals

Introduction

It had been suggested by Daunt (1951) and Gorter
(1951) that nuclel might be aligned in antiferromagnetic
single crystals at low temperatures. At the Néel temperature
and at lower temperafures a negative exchange interaction pro-
duces an antilparallel ordering of the electronic moments along
preferred directions of thé crystal lattice. The magnetic
hyperfine interaction then at suitably low temperatures should
causé an appreclable nuclear alignment.

At the time we initiated the work_described in this
bhapter, the only attempt to detéct nuclear orientation in an
antiferromagnetic single crystal had been made in Leiden with
an undiluted cobalt ammonium sulphate crystal and no effect
greater than 1% was reported (Poppema 1954). Although Mn %
(Grace et al 1954) and Cel*l (Ambler et al 1955, 1956) had
been aligned in cerium magnesium nitrate at 0.003°K where an
antiferromagnetic transition 1s believed to occur it was not
clear whether the alignment was enhanced or reduced at the

Néel temperature. At any rate these measurements did not

64
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yield information on nuclear alignment below the Néel tempera-
ture. ‘The negative results of the Leiden group with cobalt
ammonium sulphate which has a Néel temperature at 0.0850K
(Garrett 1951) led us to expect that a substance with a higher
transition temperature might be more suitable.

Measurements at about 1°K and lower on antiferro-
magnetic MnF, with a transition temperature at 67°K indicated
the presence of a considerable nuclear specific heat and this
substance was proposed as very promising for nuclear orien-
tation (Cooke 1957). Single crystals of MnF, are quite diffi-
cult to grow however. We declded to try instead another anti-
ferromagnetic salt of manganese which is readily crystallized
from the solution. We selected MnClehHEO although its Néel
temperature 1s some orders of magnitude lower than Man. When
these measurements proved successful we tried anothe: salt of
manganese, MnBr24H29 in order to confirm this method of orien-
ting nuclel.

The anisotroples observed for the Mn54 gamma
radiation with these crystals required several hours to attain
a maximum value. Gradual cooling of the crystal may account
for this phenomenon but it may also be due to some extent to
long nuclear relaxation times in antiferromagnetic materials.
In such a case this method of orienting nuclel would be of
little value. Alternatively however nuclear alignment in
antiferromagnetic materlals might yiéld information on nuclear

relaxation phenomena in this class of substances.
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A series of experiments was launched in order to
explore the possibilities and general features of nuclear
alignment in antiferromagnetic single crystals and also to
gain some insight into the nuclear relaxation mechanism in such
substances. In this chapter we report on the results of experi-
ments completed to date.

From the large number of antiferromagnetic compounds
that are known and have been investigated we selected a few
salts of cobalt and manganese for this experimental survey.
Cobalt and manganese each have an isotope which 1s particularly
suitable for this type of investigation. The 1lsotopes 0060 and
54

Mn are readily available, long-lived gamma emitters; they have
simple and well known decay schemes and large nuclear magnetic
moments. Further the orientation of these nuclel has been well
investigated in paramagnetic salts.

Dr. Myer Bloom pointed out to the author that
theoretical work predicted a strong dependence of the nuclear
relaxation time on the Néel temperature of the antiferro-
magnetic materials.(Van Kranendonk and Bloom 1956). Indeed -
with all other factors approximately constént for different
salts of a given 10n"t’-=< TI%I » where v is the nuclear
relaxation time and Ty 1s the N€el temperature. For this
reason we thought it might be 1nformat1ve to investigate
salts with transition temperatures differing by some order

of magnitude. We list the salts in which nuclear alignment

has been studied and is reported in this thesis, with their
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Néel temperature.

MnCl 4H 0 ... 1.6%K CoCl _6H_O ... 3.0%
- R 2
(o) : (@]
MnBr24H20 vee 2.27K Co(NHu)Q(SOu)Q 6H20 ... 0.085°K
MnS1FG6H,O ... 0.1%K

The questien also arose whether nuclear alignment
would occur for nuclel of foreign ions incorporated as 1mpurities
in the lattice of an antiferromagnetic crystal. A further
possibility dependent upon this is that the nuclear relaxation
time might be appreciably different for eaeh ﬁype of nucleus in
a crystal. This would then provide us with a technique to
Investigate the nuclear relaxation time and to distinguish
between this phenomenon and the process of gradual cooling
of the crystal lattice. To study this point we 1ncofporated

60 in single crystals of MnCl 4H O and

. 2
MnSiF66H2) and made some preliminary measurements with Mn54 in

a small amount of Co

CoC1,6H,0 and Co(NHM)Q(SO 6H,,0.

32
The results obtained with single crystals of each
salt are presented separately. In each case we give the mor-
phology of the crystal, the Neel temperature, and the preferred
axis of antiferromagnetic ordering. 'In the crystals used 1n
these experiments, with the exception of Co(NH4)2(804)26HéO,

it is not yet known whether this preferred direction corres-

ponds to only one set of sub lattices.

Experimental Procedure

Salts in the antiferromagnetic state cannot in

general be cooled by adlabatic demagnetization and salts which
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are paramagnetic at liquid helium temperatures but undergo an
antiferromagnetic transition at lower temperatures will not
cool appreciaﬁiy below the Néel temperature (Ambler and Hudson
1955). In the salts we have used the Néel temperature is
elther in the-liquid helium range or at temperatures that

are still relatively high for a significant degree of nuclear
alignment to be expected. Hence to study the nuclear align-
ment well into the antiferromagnetic reglon external cooling
of the antiferromagnetic crystals is required. This was
accomplished by placing the single crystals in good thermal
contact with a paramagnetic cooling salt. Since 1t may be
cooled to temperatures of the order of 0.01°% by adiabatic
demagnetization from moderate values of H/T and has a large
specific heat we used potassium chrome alum as the cooling
agent.

Two techniques for external cooling have
been used 1ln our work. In the simpler and earlier technique
the crystals were covered with aplezon oil B and embedded
between cylinders of compressed potassium chrome alum powder.
This will be referred to as technidque A. In the later and
more elaborate method some hundred and fifty No. 36 B & S
enamelled copper wires with a total surface of about 60 em?
were soft soldered to a thin copper disc of 1 cm. diameter.
The space between the wires was filled with fine potassium
chrome alum powder'and apiezon oil B, and the assembly was
pressedvinto a "pill" at some 5 tons/bm.z pressure., This

produced a cylinder with a flat copper dlsc at one end. The



crystal was then sandwiched between two such pills and the

space between was filled with Aplezon N grease. Thils will be

referred to as technique B. This more effective method of
cooling a crystal was adopted by the author at the suggestion
of Dr. J.C. Wheatley. The first method was used in earlier
experiments and when the second arrangement was adopted most
of the experiments performed with the first technlque were
repeated. When the pills contalning copper wire were used
the magﬁetic field was removed slowly over some 5 mlnutes in
the adiabatic demagnetization to avold eddy current heating.
In general one small single crystal of about
0.25 gram weight or less containing 5 to 10 microcuries of
radioactive MnoY and/or Co60 was used. The crystals were
grown from seeds some 20 cubic mm. in volume to a size 2 to
3 times greater. Thls means that the radiocactive nuclel were
located in the outer layer of the crystal. In all the
results presented in this chapter one single crystal was used
in the experiment. In the case of Mn0124H20 and MnBrQMHQO
containing Mn54 experiments were also performed with the
same amount of radiocactive material distributed in se#eral
small crystals sandwiched between several cylinders of
cooling salt in the same assembly. For each experiment we

give the approximate dimensions of the crystal used.

69

Usually the assembly of potassium chrome alum

cylinders had a total length of about 8 cm., and a diameter
of 1.1 cm., The temperature of the potassium chrome alum

was measured using a mutual lnductance and ballistic
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galvanometer, as the assembly warmed up after adiabatic
demagnetization. The calibration of the magnetlic thermometer
in the liquid helium range glves an experlimental relation
between the gélvanometer deflection and the magnetic tempera-
ture. . This 1s of the form S = a, + al/T. Readings of the
ballistic galvanometer after adiabatic demagnetization give a
magnetic temperature T, of the KCr Alum from this relation.
On account of demagnetizing effects different values of T,
may be obtaiﬁed with specimens of different shapes. The
accepted procedure 1s to determine the magnetic temperature
for a spherical specimen Where we now denote this magnetic
temperature by ™. The magnetic temperatures T, obtained
for a pressed pill assembly can be converted to the.tempera-
tures T* for a spherical specimen when the appropriate cor-
rection factor is known using the relation Tm + A= f* where
A is the correction factor.

For a specimen ellipsolidal in shape this correbtion
factor may be calculated aﬁd the correction factor for a
sample of any arbitrary shape may be determined emplrically.
The correc?ion factor for an ellipsoid of large axial ratio
will be approximately equal to that for a cylindrical sample
of the same length to diameter ratio. Previous workers in
this laboratory have determined a correction factor of
0.025°K for a cylindrical pressed pill of KCr Alum with a
length to diameter ratio of 7. This is the value we have used

throughout our work.
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Several workers have studied the relation between
the magnetic temperature T* end the absolute temperature T of
KCr Alum (de Klerk et al 1949, Keesom 1948, Bleaney 1950,
Daniels and Kurti 1954, Ambler and Hudson 1954). Although
the results differ markedly in the lowest temperature range,
agreement is fairly good at higher temperatures. We have
adopted the values given by Bleaney (1950) to assign absolute
temperatures to the potassium chrome alum in our work.

Recent measurements on external cooling (Miedema
et al 1958) in the range between O;SOK to 0.04°K have shown
that the rate of cooling of a crystal in a set up very similar

to technique B, could be described by the relation:

‘ 2 2 ' '
R = (1 - 1) cees (1)

at the higher temperatures and by the relation:

aQ _ ot _ bt cee. (2)
at - e (Tw‘ c
at the lowest temperatures, and by a combilnation of these

formulae at intermediate temperatures. Al and A_ are para-

2
meters determined from the experiment, Tw and Tc are the
temperature of the warm crystal and the cooling agent
respectively.

These relations indicate that as the temperature
increases we can expect better correspondence between the tem-
perature of the KCr Alum and that of the antiferromagnetic

crystal in our experiments. Since the antiferromagnetic

crystal in our'experiments contains a radioactive isotope it
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will be a generator of heat and this will further increase
the temperature difference between T, and Tc. At "high"

temperatures the following approximation is valid:

£ = a1 ceee (3)

where & 1s the gamma ray anisotropy, T 1s the absolute tem-
perature and a 1s a constant.

Using this relation.we can check the consistency
of our temperature assignments. Application of this relation
to our data shows that in several cases the anlisotropies
observed are conslistent with the temperatures measured in the
range above 0.05°K. We may then compare the anlisotropies
observed in our experiments with those observed with the same
isotope 1n paramagnetic crystals at the same temperatures.
From this comparison we may gain some insight into the hypef-
fine structure coupling in antiferromagnetic crystals.

The gamma ray counters were placed about 10 cm,
from the radioactive source, Generally one counter waé placed
along the axis of preferred direction and the other along some
other crystallographic axis perpendicular to the first. The
axes chosen are given for each experiment.

The procedure followed in the experliments was
the following. The anisotropy and temperature were measured
as a function of time from the end of the demagnetizatlion as
the potassium chrome alum warmed up. Exchange gas was then
introduced in the sample holder to warm the salt to the
temperature of the liquid helium bath and a normalization

count was taken. The normalization count was taken for
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intervals of some minutes during about an hour to check the
stability of the counters. The curve given in each case 1s
the result of one run. However in each case several runs
were made to check the reproducibility of the results.

The results are presented in the figures 1n the
following manner: measurements of the anisotropy and the
inverse of the magnetic temperature (l/T*) are plotted as a
function of time from the end of the demagnetization. Although
a larger number of temperature readings were taken 1ln a run
than shown, only enough points are given to indicate the
variatioﬁ of temperature with time. The curve of the aniso-
tropy exhibits three main features in succession: a) an
increase to a maximum value, b) a levelling off or plateau
at this maximum value for a time which in some cases can be
of several hours duration, and finally c¢) a decrease. The
increasing portion of the curve may throw some light on nuclear
relaxation times. The broad plateaﬁ has to date only served
to tax the patience of the expérimentalist. This could
provide however an opportﬁnity for nuclear magnetlc resonance
‘investigations on oriented radioactive nuclei (Tolhoek . and
de Groot 1951, Bloembergen and Temmer 1953, Abragam 1956).
Such endeavours are in progress in thls laboratory at the
time of writing of this thesis and we are indebted to
Dr. Myer Bloem for pointing out this possibility to us.

The decreasing portion enables us to determine the anisotropy
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versus temperature curve and thus to compare our results
with other data. Hence in this region we indicate the absolute
temperature of the potassium chrome.alum at convenient points.
The presence of the copper wire throughout the KCr
Alum will help equalize the temperature throughoutvthe volume
of thé sample. Nevertheless 1t is possible that an appreciable
heat leak will introduce significant temperature gradients
in the length and radius of the KCr Alum specimen thereby
rendering the results quantitatively  inaccurate. To minimize
this source of error we have endeavoured to reducg the heat
leak. This of course means that a run will last for several
hours aﬁd increases the possibility of drift in the electronics,

thereby necessitating several check runs.

I
Decay Scheme of Mn5 and 0060:

In Figure 10 we present the decay scheme of Mn54

(Grace et al 1954, Strominger et al 1958). Mn54_decays byl
electron capture to an excited state of_Cr54_which de-excites
by gamma emission to the ground;state. The gamma transition
was found to be E2 (Grace et::al). The ground state of MnSH
may have either spi@ 2 or 3. Thus two decay schemes are
possible: 3—1_) 2 —%-)0. and 2-&2 i)o.

In Figure 1l we present the main features of the
decay scheme of Ceéo (Strominger et al 1958). 0060 decays
by Q‘emission to an exclted state of Ni6o which de-excites

by a cascade gammavemission to the ground state. The(3-V.

pair carries off one unit of angular momentum and the gamma
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transitions are E2. The decay scheme may then be represented

as follows: 5 1’} y 2 > 2 2 ¥ O.

MCC;EMHQO

General Informatlion

The Néél temperature 1s 1.6OK (Friedberg and
Wasscher 1953).

Manganous chloride crystallizes in the monoclinic
system and its external morphology 1ls described in Groth
(1906) whose nomenclature we use. The externél appearance is
shown in Figure 12 where the a~- and b-planes are also indi-
cated., The a-plane is generally quite pronounced and may be
easily identified. (3 = 99° 25'.

According to Gijsman (1957) and Poulis and Gijsman
(1958) the direction of easy magnetization is the erystallo-
graphlc c-axis, and the next preferred axis 1s the b-axis.

We measured the radiation along these axes hence

the anisotropy parameter € is given by:

£ = Iy - I,
Iy
where the subscripts refer to the axes.
The crystals used were thin and flat, about 1 mm.
thick and with an effective surface of about 1.5 cm2 each,
(We define the effective surface as the total surface of the

crystal in direct contact with the copper discs at the end
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of the KCr Alum pills. The area of the sides of the crystal

is not taken into account.)

Results and Discussion

54
Mn-" in McCletho

Figure 13 shows the result of a run where the anis-
otropy increases to a plateau. It will be notliced that the
mangahese nuclel were in fact aligned along the preferred
axis (c-axis). The anisotropy requires some 100 minutes to
reach a maximum. .Thils particular run was performed using
technique A. The experiment was repeated using technique B
to cool the crystal. The results were essentlally the same
and within statistical accuracy neither the rate of growth
of the anisoﬁropy nor the maximum value reached were
enhanced.

Figure 14 shows the results of a run where the
‘coolant salt was allowed to warm until a definite drop in
the anisotropy was observed. It will be noticed that the
anisotropy starts to decrease at a temperature of about
0.12%. The crystal in this experiment also contalned
some Co60, hence some of the\gamma radiation from the 0060
was counted in the pulse height analyzer channel set to
accept the‘photopeak of the Mn54 gamma radiation. Since this
background'radiation was 1sotropic within less than 1% the
anisotropy observed was correspondingly reduced. The pur-
pose of this experiment was to establish the temperature at

which the anisotropy decreased, hence the points plotted in
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Figure 1t were not corrected for this background.
In the case where the background is lsotropic we

may calculate the correct anisotropy from the relation:

éc =(Ib + IBgd) go

Ib'

where EE i1s the corrected anisotropy, 55 is the observed
anisotropy, Ib is the intensity of radiation from the Mn54
along the b-axls, and IBgd is the background radliation due

60

malnly to Co radiation. This correction factor may be

appreciable since the photopeak of the 842 kev gamma ray of

Mn54 coincldes with the Compton plateau from the 1.33 and
1.17 Mev gamma rays of 0060. .Since Ib changes with the
54

nuclear alignment of the Mn nuclel, the correction factor
will also vary. It may be assumed constant however when small
anisotroplies are involved since then Ib changes by a few
percent only. Further the crystals are prepared so that

I, » IBgd . .To determine the correction factor we measure

this background relative to the Co60 60

count with a Co
source., In this experiment the correction factor was :'1.45;

These experiments indicate that the assembly of
nuélei cools only to a temperaturé of about 0.12°K. Experi-~
ments described later show that with essentially the same
coollng arrangement and wlith crystals of about the same
effective surface to volume ratio the nuclel and therefore
the crystal lattice may be cooled to a temperature of

~ 0,06%K. We may then conclude that the nuclear spin

relaxation time of manganese nuclei in this lattice is
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several hours at 0.12°K. Van Kranendonk and Bloom (1956)
-glve the following expression for the nuclear relaxation

time, valid for very low temperatures.

Y =c eT/T e (1)
—

where C 1s a prqportiohality factor and may be calculated

from their paper; TA 1é a measure of the anisotropy energy.
This result is based on the spin wave.model of antiferro-
magnetic substances. Assuming only dibole-dipole interaction
between the nuciear spins and electronic spins énd using

their detalled expression for a temperatufe T = O.loK the
nuclear relaxation time was estimated tb be o~ 500 hours. The
contribution of hyperfiné 1nteraction to}the nuclearspin
relaxation is heglected in these calculations‘and may be

.very significant.

Experimental work on the relaxation time of protons
in CuCle2H20 shows a more rapid increase of @ with decrease
of temperature (Hardeman et al 1956) than pfedicted-by this
expression. Cooke and Edmonds (1958) report a nuciear spin
relaxation time of about 7 minutes at O.5°K in MnF2 from
specific heat measurements. Hence-it is not surprising that
the nuclear system remalns at a temperature of 0.12°K for
several hours even 1if the crystal lattice 1s appreclably

c¢older,

An anisotropy of @ 0.07 at a temperature of =¥ 0.12%

S5l

is comparable to the anisotropy of Mn observed 1in paramagnetic
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cerium magnesium nitrate at this temperature. This is in
agreement with the ‘expectation that the hyperfine:structure
coupling of Mn*tt is independent of the solid state.

60
Co in Mn024H2O

Results and Discussion
Co60

was introduced as an impurity in single
crystals of Mn0124H20 and the anlsotropy of the gamma radia-
tion was measured along the same axis as in the experiment
discussed above. Several runs were made and a small aniso-
tropy was measured. The anisotrOpy averaged for the various
runs gives 0.0075+ 0.0025. Thils effect 1s very small and
1n‘such cases some susplcion always remailns that it may be
spurious. It 1s conceivable that the cobalt nuclel do not

align along the c-axis,

MnBrzuHQO

General Information:

The Néel temperature 1is given as 2.29K (G1jsman
1955) and 2.4°K (Henry 1954). |

This salt crystallizes in the monoclinic system
and its external morphology is described in Groth (1906).
Its external appearance 1is very similar to MnCl24H20 shown
in Figure 12. (3 = 99°61,

The direction of easy magnetization corresponds to

the crystallographic c-axis (Bolger 1955 Gijsman 1955). The
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anisotropy parameter is defined as in the experiment with
Mn0124H20 . |

The crystals were bulkier than the MnClQMHZO crystals,
and were about 2 mm. thick and had an effective surface of

about 1.5 cm2 each.

Results and Discussion

The crystal was cooled using technique A. The
measurements were not repeated when technique B was adopted.
Figure 15 shows & and l/T* as functions of time from
demagnetization. It 1s noticed that the anisotropy increases
extremely slowly and only reaches a maximum after some 8 hours.
Since the Néel temperature for this salt is higher than that
for MnC124H20 we may attribute this to a longer relaxation

time,

MnSiF66H2O

General Information

The Néel temperature is 0.1°K (Ohtsubo et al 1958).

The crystals are trigonal and grow in hexagonal
pillars parallel to the trigonal axis (Groth 1906).

The preferred axis is along the hexagonal axis
(Ohtsubo et al 1958).

The anisotropy parameter in these experiments 1s
defined by

£ = P _a ceee (5)



where Ia is the normalized intensity of rad;ation along the
hexagonal axis, and‘Ip is the intensity in some arbitrary
direction in the hexagonal plane.

The crystal was about 0.15 mm. thick with an

effective surface .of about 0.8 cm®.

m

Mn>* in MnSiFg6H,O

vResults and Discussion

Figure 16 shows the results of a typical run. ItA,

is noticed that the anisotropy grows more rapidly than in the

81

two previous experiments and the maximum corresponds to a tem-

perature of 2’ 0.05°K. . In other runs (not shown) the coolant
salt was allowed to warm up to T = 0.12°K, i.e. above the
Néel temperature of manganese fluosilicate. In Table I we
1list the values of €, T and a (calculated from = a/TQ)

obtained from these runs.

Table I :
_T_ L _a_Xx 1074
0.045 K 0.205 . n.o2
0.050 0.187 4.67
0.060 0.154 .~ 5.55
0.070 0.113 5.53
0.080 0.083 5.32
0.090 0.063 '5.10
0.10 0.047 4.70
0.11 6.039 4.60

0.12 ~ 0.032 4.37
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The decrease 1n a at the lower temperétures is.
prébably due to poor thermal equilibrium and the fact that
the approkimation E = a/'T2 is no longer valid. It 1s also
noticed that a decreases gradually at higher temperatures.
Further runs are in progress to verify thils result. At
correspondihg temperatures the anisdtropies measured are
smaller by a factor of about 2/3 from those observed with
Mn54 in cerium magnesium nitrate in an external field (600
and 1000 géuss) but 3/2 larger than those observed in zero
external field in this salt (Grace et.al 1954, Bishop et al-
1954) .

Paramagnetic resonance investigations of Mntt in
magnesium fluosilicate, zinc fluosilicate and bismuth
magnesium nitrate have been repqrted (ArakaWa 1954, Bleaney
and Ingram 1951 a, Trenam 1953). The valués of D and A in
the spin Hamiltonian of Mntt in these different salts are
listed in Table II. The temperature at which these measure-

ments were carried out and the dilution are also given.

Table II

1 pilution

Salt T D Cm-l A cm
B1 Mg, (NO3), .24 Hgo. 20K 1/3 -0.0215 -0.0090 {?/éoo
20° 2/3 -0.0080 =~-0.0090
MgS1F 6H,0 290 -0.0274 -0.0092 1/20 to 150
ZnS1F 6H,0 20 -0.0134 -0.0091  1/1000

The measurements with magnesium fluosilicate

(Arakawa 1954) indicated the presence of six magnetic complexes
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in the unlit cell. The s81x complexes are equivalent but are
oriented at an angle of about 70 to the hexagonal axis. This
contrasts with the measurements on zinc fluosilicate (Bleaney
and Ingram 195la) which indicated one magnetic ion per unit
cell. At any rate the distortion involved is too small to
account for fhe reduction in anisotropy. Since the magnitude
of the D term in manganese fluosilicate is unknown at present

no detalled calculations have been carried out.

11) co®° 1n MnSiFg6 H,0

The results of a typical run are shown in Figure 17.
This particular run was carried out after a demagnétization
with H/T of 13 Kilogauss/degree K since it was desired to
shorten the duration of the experiment. It is noticed that
the cobalt nuclel were aligned along the preferred axis.
Within statistical accuracy the anlsotropy observed for the
o0 radaiation 1s”edua1 to that of the Mn’" radiation and
also exhibits a small decrease in the value of the parameter
a at higher temperatures.- The anisotropies are considerably
larger than any previously measufed with 0060 in any para-
magnetic salt at corresponding temperatures. For instance Co60
polarized in cerium magnesium nitrate with an external field
of 400 gauss gives an anisotropy of about 0.1 at 0.05°K
compared to 0.18 at 0.05°K in this Salt. Bleaney and Ingram

(1951b) have studied the paramagnetic resonance of Cott in

zine fluosilicate and determined the value of A and B in
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in the spin Hamiltonian. It is evident from a comparison of
these results”with the values of A and B for Co't in the

zinc Tutton salts and bismuth magnesium nitrate that the spin
Hamiltonian does not account for the‘discrepancy. 'No attempt
has been made to date to explaln this large anisotropy.

The runs seemed to indicate that the anisotropy of

o560 54

C increased more rapidly than that.of Mn in this same

lattice (compare Figure 16 and 17). Hence a crystal contain-

ing both o and Mnd*

was prepared. Prelimlinary measure-
ments (not shown) with this crystal indicate that the aniso-

tropies increase at the same rate.

.Co(NH4)2(804)26 H,O

General Information

Cobalt ammonlum sulphate is a Tutton salt. The
Tutton salts are an;isomorphous series with the formula
M" X0, M} XO, 6 Hy0; where M" 1s a divalent metal of the iron
group (Ti, V, Cr, Mn, Fe, Co, Ni, Cu, Zn, Mg), M' is a
monovalent metal (K, Rb, Ce, NH4, T1l) and X is one of (S,
Se, Cr). The salté form monoclinic crystals whose morpho-
logy has been described by Tutton (1905, 1913, 1916).  The
external appearance is shown in Figure 18, where also the
various crystal axes are deplcted. The b-axlis 1s perpendi-
cular to the a-c plane; the a and c-axes are inclined at an
angle @:21050. The principal axes of magnetlc susceptibility

are denoted by Kl, K2, and K3, and are mutually perpendicular.
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Kl and K2 are'respectively the directions of maximum and
minimum susceptibility and lie in the a-c plane; K3 colncldes
with b. We denote by WJ the angle from a to K1 in the acute
angle between a and ¢. .In the b-K, plane lie the two tetra-
gonal axes_denoted by T1 and T2; each makes the same angle ¢
with Kl'

There are two divalent cations in the unit cell of
the crystal, and each 1s surrounded by a crystal field of
roughly tetragonal symmetfybdue mainly to a distorted oéta—
hedron of six wate:vmolecules. One tetragonal axis, say Tl’
(i.e. the axis of distortion of the octahedron) is the
mirror-image of the other, T2, in the cryStallographic a-¢
plane. The positions of the crystallographic and magnetic
"axes and of the tetragonal axes are shown in Figure 18.

For the Co'' lon we have taken Y= 40°, &« = 33°
as given by Garrett (1951).

The magnetic properties of a single crystal of
cobélt ammonium sulphate have been extensively studied by
Garrett (1951) between 1°K and 0.04°K. He found the Ndel
temperature to be 0.084°K. From less reliable measurements
Malaker (1951) reports a Néel temperaﬁure of 0.125°K.
Garrett's work also shows that the tetragonal axes are the

preferred axes of magnetization in the antiferromagnetic state.

‘The anisotropy parameter may then be defined as:

‘E§.= K T e ()

T
K,
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where IKl and IK2 are the normalized intensities of radiation
along the K, and K, axes respectively.
The crystal was about 3 mm. thick and had an

effective surface of about 1.2 cm2.

Results and Discussion

The results of a run are shoﬁn in Figure 19. The
results show that the anisotroples observed are about equal
to those measured in experiments with 0060 in paramagnetic
Tutton salts at the corresponding temperatures. We may then
conclude that the effective field at the nucleus is not signi-
ficantly modified in the antlferromagnetic state for this
salt. |

The magnetic field for adiabatic demagnetization
was applied parallel to the a-axis, hence perpendicular to
the b-axis (K3 axis) and at an angle of = 40° to the K, axis.

The entropy removed is glven by the relation:

S/R= -y tanh y + ln'cosh ¥y ' ceee (8)
where ' |
_ H 2 2 ,Jy2 2 2 ,2
= + + LX) 9
J 2kT'£J. B YA, 83 T A5 83 (9)

jl’ JQ and RS being the direction cosines of the applied

field relative to the principal axes of elther set of ions.
The principal ionic g-values were found from resonance experi-
ments (Bleaney and Ingramvl949) to be 6.2 (along a tetragonal
axis), 3.0 and 3;0.



87

In our experiments H/T o 1.5 x lO)4 gauss/degree,
We then calculate y = 1.96 which ylelds a value of S/R = 0.60
for the entrdpy removed. From the curve of S/R versus T
given in Garrett (1951) this indicates a cooling of the
cobalt ammonium sulphate crystal to =~ O.OSBOK upon adiabatic
demagnetization. It appears from our results (see Figure 19)
that the system of nuclei required a few minutes to cool to
thls temperature. BAs we mentioned earller, the Lelden group
.reported negative results (within 1%) from an attempt to

detect nuclear orientation of 0060

in a single crystal of this
salt (Poppema 1954). Considering the initial values of H/T
used for adiabatic demagnetization and Garrett's values of
S/R versus T, their crystal.was certainly cooled to tem-
peratures below 0.05°K (they claim final temperatures

between 0.02°K and 0.0M?K). . However insufficient details

are given in their report (Poppema 1954) to assess fully

the meaning of their experiment.

To clarify the situation we investigated the
anlsotropy as a function of time from demagnetization and of
the eygceptibility of the specimen with 0060 in a single
crystal of cobalt ammonium sulphate embedded between two
pressed pills of cobalt ammonium sulphate. The temperature
of the cobalt ammonium sulphate pills should be about 0.055°
to 0.060°K after demagnetization. The magnetic field was
parallel to the Kl axis of the slingle crystal, hence it should

be a few millidegrees colder immediately after demagnetization.
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We have observed an anisotropy of about 0.035 which seems .to
appear immediately after demagnetization and decreases to
about 0.02 as the susceptibility of the specimen reaches a
maximun. Our'crystal also contalned some Mn54 and for this
isotope we.observed an ahisotropy of ﬁ! 0.07 decreasing to

Y 0.04 at the,susceptibility maximum. A similar experiment
with manganese fluosilicate has been performed. A single

54

crystal of MnSiF66H20 containing Mn was embedded between

two pressed pllls of MnSiF66 HQQ powder. The assembly was
cooled by adiabatic demagnetizaﬁion from'initial values of
H/T~2! 15 Kilogauss/degree;' In two runs the susceptibility
after demagnetiéation was practically consfant:for two
hours. The anisotropy & observed during this period was
also constant with a value 2 0.035. In a third run the
anisotropy was measured after the susceptibllity had shown a
small but definite increése to a constant value. The aniso-
tropy observed at this constant . value was alsd ~ 0,035,
It_is not known at present whether MnSiF66H20 cools apprec-
iably below 0.1°K upon adiabatic demagnetization. These
experiments show that nuclear aiignment occurs when a sub-
stance with a low Néel temperature is cooled by adlabatic
demagnetization.

000126 H20

General Information

000126H20 crystallizes in the monqclinic'system,,_v
and 1ts external morphology has been described by Groth
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(1906). The exﬁernal appearance 1s shown in Figure 20 where
the a- and c- planes are also indicated. (3 = 122°019',

The salt was found to become antiférromagnetic at
about 3OK from susceptlibllity measurements of the powder
(Easeda and Kanda 1957). From susceptibility measurements
with several large crystals we determined roughly the pre-
ferred axis of magnetization. These measurements indicate
that the preferred axls 1s perpendicular to the crystallo-
graphic c-plane (i.e. the axis perpendlcular to the cleavage
plane). The results of these measurements are shown in
Figure 21 where‘é- » the galvanometer deflectipn is propor-
tional to the susceptibllity 7(, according to the relation

S = ao)(+ aq (ab and a, are constants for any one curve

but may be different for each curve).

89

With respect to the c-plane we define the anisotropy

parameter by

€ = -4 eer (10)

Where IA is the normalized radiation intensity in the direction

perpendicular to the c-plane and Ip is the normalized intensity

in some arbitrary direction in the c-plane. The crystal was

about 3 mm. thick with 1.0 cm® effective surface.

Results and Discussion
060

C in COCl26H20

Figure 22 shows the results of a typical run. The

anisotropies are appreciably smaller than those observed with
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Co60 at corresponding temperatures in paramagnetic crystals.
It is concelvable that there are more than one magnetic ion
per unit cell with different orientations. The susceptibility
and anlisotropy measurements would then given an effect averaged
over these sets of ions. Work 1s in progress in this depart-
ment under the direction of Dr. Myer Bloom to 1lnvestigate

the prdton resonance in the paramagnetic and antiferromagnetic
states of this salt. it may be that the prefefred direction
is éctually at an appreciable anglé to the c-axlis. Our deter-
minatlion .of the preferred axis was only approximate and we did
not measure the susceptlbility for intermediate angles to the
c-plane. Greater accuracy'in this respect was not attempted
~8ince the maln purpose of this experiment was to determine
whether the cobalt nuclei would show an alignment in an
antliferromagnetic salt of cobalt with a relatively high Néel
temperature and to estimate the temperature to which these

nuclel might easily be cooled.

54
Mn in COC126H20

Figure 22 shows the results of a typical run. The

anisotropies are corrected for the background radiation from
60 '

the Co in the sample according to the relation:
1 1 1 I |
€Mn =g +(£ -£ Co cees (11)
' Mn Mn Co Iyn

1 _
where gMn and Eéo are the observed anisotroples for the

4
Mn5 and Co60 respectively, ICO and IMn are the normalized



intensities of radiation in the plane from the 0060 and Mn54
regspectively. We assumed the ratio ICo/IMn was cdnstant in
applying this correction although 1t will vary a few percent
with temperature.

The 0060 anisotropy is too small to enable us to
draw any concluslons with respect to the relative rate of
cooling of the different isotopes. ‘It 1s noticed that the
Mn5u anisotropy is equal to that observed at corresponding

Temperatures in cerium magnesium nitrate in an external field

of 600 gauss (Bishop et al 1954).

91
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Part II

Nuclear Orientation Experiments
82

with 1131 and Br°? in

Antiferromagnetic Single Crystals

Introduction

Recent investigations of the nuclear magnetic

resonance of F19 in Man,CoFe, and FeF, have shown a hyper-

2
fine structure interaction to exist between the fluorine
nuclel and the magnetic electrons (Shulman and Jaccarino
1956, 1957, 1958; Jaccarino et al 1957; Jaccarino and
Shulman 1957; Baker and Hayes 1957). The free fluorine ion
(282 2p6) is diamagnetic and can have no hyperfine inter-
action with the F19 nucleus, However, in a paramagnetic and
antiferromagnetic sblid the surrounding lons may alter the
ground state ilon configuration and a hyperfine interaction
can result. It has been shown that these interactions depend
upon the spin orientation of the magnetic ion.

There are several mechanisms which might create
paramagnetism at the fluorine site. The two most apparent
are; the transfer of an electron from the fluorine ion and
the formation of covalent bonds between the two ions. Both
mechanlsms have been invoked to explain the results of nuclear
magnetic resonance of F19 in various substances. This electron
transfer also provides a likely mechanism for indirect or

super exchange Interactlion between the magnetic ions in the

antiferromagnetic state (Anderson 1950, Cooke 1957). 1In
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either case the unpaired electron remaining on the F ion
with spin parallel or antiparallel to that of the paramag-
netic ion produces a relatively large fleld at the fluorine
nucleus and hence a hyperfine structure coupling if the
nucleus has a magnetic MOment. The alignment of the spin of
the unpaired electron is coupled to the alignment of the para-
magnetic ion. 1In MnF2 below the Néel temperature the Mntt
spins are antiferromagnetically ordered with the spins

Sa=-i 5/2 respectively parallel and antiparallel to a

crystal axis. As the temperéture is lowered and the magneti-
zatlon approaches saturation in each sublattice the alignment
of the unpaired electron of the fluorine ion becomes more
compléte. From thelr measurements of the F19 resonance at
temperaturgs'from 1.3?K to 20°K Jaccarino and Shulman estimate
that the hyperfine splitting parameter A/k 1s of the order

of 16 x lo-ucm-l.

A hyperflne structure interaction has also been
reported for the chlorine ion in certain tightly bound magnetic
cgmplexes such as [ir 016] -~ 1n potassium chloroiridate
KQIr Cl,, and ammonium chloroiridate (NH4)21r012 (Griffiths
and Owen 1954; Griffiths et al 1953; Cooke 1957) which become
antiferromagnetic at 3.3°K and 2.1%K respectively (Cooke
1957). This hyperfine coupling has also been interpreted in
terms of a similar mechanism of electron transfer between the
diamagnetic and paramagnetic components (Stevens 1953).

If a hyperfine structure interaction exists for the

chlorine and bromine nucleil in Mn0124 H20 and MnBr24 Hy0

through one of the mechanisms mentioned above then at
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suitably low temperatures, say 0.0loK, we might expect an
appreciable orientation of these nuclei along the preferred
direction of antiferromagnetic ordering in single crystals of
these salts. Bromine has a gamma emitting isotope, Br82,
hence orientation of this nucleus may be detected by measuring
the anlsotropy of the radiation. Further Br82 is known to
have a fairly large nuclear magnetic moment of 1.6 nuclear
magnetons, (Green et al 1957). Chlorine does not have any
sultable isotopes for this type of measurement however stable

131 which has also a

iodine enriched with gamma emitting I
large nuclear magnetic moment of 2.56 nuclear magnetons
(Fletcher and Amble 1958) may be introduced as an impurity
at the chlorine sites in Mn0124 H,0 and at the bromine
sites in MnBreu Hy0. For these reasons we have thought it
worthwhile to measure the gamma ray distributioh from 1131
in single crystals of MnC124 H20 and MnBr24 H20 and of
Bro2 in MnBr 4 H,O. |

In Figure 23 we show the decay scheme of 1131 and

in Figure 24 the decay scheme of Br82.

Procedure and Results

131
I in Mn0124 H20 and MnBr24 Hy0

131

I was produced by neutron bombardment of

tellurium metal in the Chalk River Reactor in the reaction
@ 131
me 130 (n, ¥) pet3t 5 1131, after chemical separation I 3

is commercially available in Nal in basic solution of NaHSOB.

One cublc centimeter of this dilute solution containing
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1 millicurie of 1131 activity was poured into 1 cc. of satur-
ated solution of Mn0124 H20 or MnBrQM H20. A crystal seed
some 20 cublc millimeter in volume was placed in the satur-
‘ated solutlion and allowed to increase to double the original
size. The crystal was carefully rinsed with distllled water
and dried with fillter paper. It was notlced that only a
small fraction of the speclfic activity could be introduced
in the crYstal. To check that this activity did not reside
in a thin film on the surface of the crystal we weighed a
crystal and meaéured its activity. Then some of the outer
layer was dissolved, the crystal was welghed again after
drying and its activity was measured. The activity remain-
ing in the crystal corresponded fairly well with the volume
of its residual actlive layer.

When the 1131 and its chemical carrier are mixed
with the saturated solution of manganous chloride (or mangan=-
ous bromide) a fine suspension forms in the liquid.  After
the liquid was passed through a fllter paper and this sus-
pended material removed 1t was noticed that a larger portion

of the 1131

activity remained on the filter paper than in
the residual'solution. A small amount of thls fine suspension
later appeared in the solution as the crystal grew. It 1s

then possible that the 1131

activity in the crystal is
actually included in this fine suspension and merely becomes
trapped in the body of the crystal as it grows. The pro-

cedure outlined above waé repeated with MnBr24 and HQO and



the same disturbing phenomenon_observed.

. The crystal was embedded with Aplezon oil B between
two pressed pills of K Cr Alum and mounted in the cryostat.
After adiabatic demagnetization we counted the 368 kev gamma
ray using both a low cut discriminator to pass the photopeak
of this gamma ray and pulses of higher_energy, and a single
channel kicksorter to accept only the photopeak of this gamma
ray. The activity was measured simultaneously along the
b-axis aﬁd along the c-axis.

131

Several runs with I in MnClzu H20 and MnBr24 HO

2
single crystals falled to indicate any anisotropy greater
than 0.5%. In Table III we list the .temperature of the
K Cr Alum after demagnetization and its temperature at the
time exchange gas was allowed in the sample; as well as the
time elapsed while the KCr Alum warmed up from the initial

to the final temperature for each run. The formula of the

crystal used is also given.

82
Br in MnBr24 HQO

One cc. of saturated solution of MnBr24 H,0 in a
quartz ampoule was irradiated to an activity of 5 millicuries
of Br82 in the neutron flux of the B.E.P.O. pile 'at Harwell.

It was then brought to Vancouver by C.P.A.'s transpolar
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flight. The active solution was transferred to a small beaker

and a erystal seed of MnBr24 Hy0 20 cubic mm. in volume was
placed in this solution and allowed to grow to‘twice its

original volume. After rinsing and drylng the crystal was
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embedded with Apilezon oll B between two pressed pills of KCr
Alum and mounted in the cryostat.

As can be seen from Figure 24 the decay scheme of
Br82 is quite complex. We measured the five most intense
gamma rays; e.g., 1l.45, 1.30, 1.03, 0.77, 0.56 mev. These
are represented by a double line in Figure 24. We used a
bottom cut discriminator to count the gamma ray of highest
energy and a single channel kicksorter set at the photopeak
of each lower gamma ray in succession. A typical spectrum
is shown in Figure 25 where the counting rate is plotted
against the voltage setting of the pulse height analyzer.

Br82 has a half life of 35 hours. In order to obtain
adequate statistics for each gamma ray and to eliminate
preparing a second sample we performed all the measurements
using two separate duplicate electronic systems and operated
continuously until the activity of the sample had died out.
This was made possible by enlistling the assistance of
Mr. H. Schnelder, a graduate student in this laboratory who
assembled the second system of electronics and alternated
with the author in conducting the experiments.

In Table III we list the results under the Xcray
observed, the initial and final temperature of the K Cr Alum,
and the time elapsed while the alum warmed up from the inil-

tial to the final temperature. No anisotropy greater than

0.005 was observed for any of the Y-rays.
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Discussion:

Although there 1s a strong possibility that the
iodine did not replace the chlorine or bromine ions in our
crystals, the negative results obtained can be attributed to
two main causes. The method used for copling the crystals
was certainly crude and it is very doubtful that temperatures
even as low as 0.05°K were obtailned. If there is a hyper-

131 in these salts and

fine structure coupling for Br82 and I
it is of the same magnitude as that measured for Flg, tem~
peratures lower than O.OSOK would be required for a signifi-
cant anisotropy to appear. FPFurther nuclear relaxation times
of the order of 30 sec. at 4.2°K and 90 sec. at 1.3°K were
observed for F19 in MnF2 (Jaccarino and Shulman 1957,
Jaccarino and Walker 1958). It 1is possible that even if the
crystal lattice were cooled to temperatures of the order of

0.05°K and lower, significant anisotropies would require an

impractically long time to develop,



CHAPTER V  NUCLEAR ORIENTATION EXPERIMENTS IN FERROMAGNETIC
SUBSTANCES

Introduction:

The Oxford group established that nuclear orient-
ation could be produced in a ferromagnetic substance by measur-
ing the anisotropy of Co6oqin a single crystal of cobalt metal
(Grace et al 1955, 1957). We undertook to investigate
nuélear orientation in binary alloys of ferromagnetic sub-
stances in order to determine whether a hyperfine structure
coupling occurred in both components of such a binary alloy
and to obtain thereby some information on the electronic con-
figuration in ferromagnetic alloys. In preparation for this
project the author used a radiocactive single crystal of Cobalt
metal to acqulire experience with techniques of cooling
metallic samples to temperatures well below O.OSOK. In the
course of this work a significant discrepancy was noticed
between the anisotropy measured at a given temperature and
the results reported by the Oxford group (Grace et al 1957).
In part I we describe the investigations with Co60 in a
cobalt single crystal and in part II we discuss the project
and describe the preliminary work on nuclear orientation in

a ferromagnetic binary alloy.

99
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Part I

Nuclear Orientation of 0060 in a Cobalt Metal Single Crystal

Experimental Procedure and Results:

A single crystal of cobalt metal, rectangular in
shape, 0.13 x 0.13 x 0.30 cm. 1in size, was prepared by Dr.
Peter Myers 1in the metallurgy department of this universlity
and placed at our dispoéal. This single crystal was irradiated
to an activity of 3 microcuries in the neutron flux of the
Chalk River Reactor.

In all experiments with this crystal the anisotropy
ié defined with respect to the hexagonal axis by the relation:

-1
£ = IPlane Axis
I?lane

whereiIAiisland Ipilane are respectively the normalized inten-
s8ities of radiation in the direction parallel to the hexagonal
axis of the crystal and in any arbitrary direction parallel
to the basal plane.

In a preliminaty experiment the crystal was wetted
with glycerine and embedded between two»pressed pills of
K Cr Alum., The whole sample was cooled by adiabatic
demagnetization and observations made as the sample warmed
up. With this crude arrangement a maximum anisotropy ® 0.05
was observed. From measurements using a similar arrange-
ment the Oxford group reported a maximum anisotropy ~ 0.015

(Grace et al 1955).
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To improve the cooling of the crystal it was mounted
on a copper strip in the following manner. The crystal was
inserted in a small hole cut in the middle of a copper strip
and this assembly was copper plated together. The strip of
copper was 3 cm.long, 1 cm. wide and 0.08 cem. thick, i.e. the
total cooling surface was about 6 cmz. This strip of copper
was sandwiched between two half cylinders of pressed K Cr Alum
powder and the space between filled with a sludge of K Cr Alum
and glycerine. The sample was mounted in the cryostat with
the thin edge of the copper strip parallel to the demaghetiz-
ing field 1in order to avoid eddy currents. The results of
two typical runs are shown in Figure 26 and 27.

In Figure 26 the énisotropies expected from the
Oxford results at the measured temperatures of the K Cr Alum
are 1ndlcated by square dots. It is noticed that the aniso-
tropies we observed are 3 to 4 times larger than the fdrmer(
Unfortunately we have performed only two runs like that shown
-1n this figure. Further it was realized only after the
nature of the crystal had probably been altered that the
cooling surface provided (6 cm.e) was certainly inadequate.
Dr. J.C. Wheatley during a visit to our laboratory indicated
to the author that the Oxford group had provided some 200 cm2
of cooling surface by 1inking'several hundred fine copper
wires to their crystal. Using thls superior arrangement they
obtalned the results shown in Figure 26 (Grace et al 1957)
and a maximum énisotrOPY o~ 0.15 (Rurti 1957) at the lowest

temperatures.
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In the experiment shown in Figure 27 the coollng
salt upon demagnetization failed to cool to the temperature
expected from the initial value of H/T. This probably
occurred because not enough exchange gas was present to
conduct away the heat of magnetization. In this run and
others similar to it we were endeavouring to reduce the final
heat leak by using a very small amount‘of exchange gas (say
6.15 microns) during the magnetization of some 5 to 10 minutes
in order to leave véry little residual gas after pumping for
20 to 25 minutes. When adequate exchange gas was used the
result of the previous figure was obtalned. The results
shown.in Figure 27 are given to show that the cobalt crystal
could not have begn cooled to a temperature lower than
0.05°K Since the cooling salt itself did not cool below this
temperature. This run and the others iike‘it also confirm -
that the anisotropies observed are apprecliably larger than
those reported by ﬁhe Oxford group in the same:temperature
rarige. |

The cobalt single crystal was then heated for some
ten minutes at about IOOOOC and quenched to room temperature.

Wifh the}same cooling and mounting arrangement
described abqve new observations were made on the single
crystal. The results of such a run are shown in Figure 28.
A‘comparison of the results shown in Figure 26 and 28
indicates that the anisotrOpy‘is now reduced by a factor

of about 2.5 at the equivalent temperatures.
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FIGURE - 28
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It was thought at the time that the drastic heat
treatment had in some way ruined our cobalt single crystal.
Dr. J.C. Wheatley's visit to our laboratory referred to above
ocpurred at this time and upon hils suggestlions we proceeded
to 1mprove the cooling of our crystal. Several arrangements
were attempted and the techniques which ylelded the best
results were the following:

(a) The crystal was copper plated in a copper strip 1.5 cm x
1.0 cm. x 0.08 cm in size. To this assembly we soft soldefed
some two hundred 36 B & S enamelled copper wires with a total
surface of about 150 cm2. LFine K Cr Alﬁm powder was intro-
duced between the wires and wetted with Apiezon oll B. This
assembly was pressed together to a preésure of 3 tons/cme.
The results of a run with this set up are shown in PFigure 29
where the square dots agalin indicate the anisotroples expected
according to the bxford work. (b) In another series of
experiments we soft soldered the crystal and copper strip
assembly mentioned in (a) to a copper sheet 10 cm by 12 cm.
~and 0,005 cm thick. This sheet was folded into parallel
strips and K Cr Alum powder wetted wlth Aplezon oil B intro-
‘duced between the folds. .This assembly was then pushed
tightly into a lucite container. The results of a run with
this arrgngement are shown in Figure 30 where the square dots
aga;n‘indicate anisotroples according to the Oxford group.

It 1s noticed that the anisotroples now measured

are stlll somewhat larger than the Oxford values by a factor
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of ¥ 1.6 in Figure 29 and about 1.4 in Figure 30 although
they are appreciably smallér than those observed with the
untreated crystal at équivalent temperatures.

The maximum aqisotropies reached in Figures 29 and
30 are respectively ¢ 0.12 and = 0.10. Several runs Withv'.
the arrangements described in (a) and (b) confirmed these
values. The Oxford group has reported a maximum anisotropy
of 0.15 (Kurti 1957). The difference between our values
and the Oxford one may still be due to the superior cooling
technique used by fhe Oxford group. However other aspects
may be more significant in the expianation of this difference.
The Oxford cryostat and solencid enable this group to demagnet-
ize from H/T values of about 30 as compared with H/T values
of 16 in our case. In our experiments with samples containing
large amounts of copper wire and copper foll we have never
been able to reach the Curie temperéture, say T*:y 0.0330, of
K Cr Alum. The temperatures reached after adiabatic demagneti-
zation with arrangements (a) and (b) were only T 0.05°%k
and T & 0.06% (see Figures 29 and 30). We may attribute
this failure to eddy current heating in the copper since with
our initial H/T values we should attain the Curie temperature
and 1ndeed we usually reach this temperature with a sample
consisting only of K Cr Alum. Samples with larger surfaces
of copper wire or foll cooled to temperatures higher than
those indicated above and in all experiments with samples

containing copper wire or foil the final temperatures reached
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by adlabatic demagnetization depended on the time taken to
remove the field. It 1s to be expected that eddy current
effects would be less appreclable using a solenold as at
Oxford since in this case the field is parallel to the length
of the wires or folls hence the flux intersects the smallest

area of metal.

Discussion

It 1is convenient to discuss the various measurements
of the anisotropy of 0060 in cobalt meﬁal in terms of the
parameter "a" in the relation €= a/T2. _This approximation
is certainly valid at the "high" temperatures range where it
is applied in these experiments.

The Oxford work yields a value a = 1 x 10—1'L deg2
(This value has recently been corrected (Kurti 1958) and the

4

recent data gives a 0.79 x 10~ dege, The revised value

i

came to our attention after Figures 26, 29 and 30 were printed
and the points shown in these figures correspond to the

n

value a = 1 x 10 dege.)

Our measurements on the crystal after heat treatment
glive a value a = 1.5 x 10-4 deg2 and from measurements on the
crYstal before heat treatment we may assign a value
qnin. 3% 10~k deg2. |

Khutsishvili (1957) has observed anisotropies of
0.10 to 0.15 in the temperature range 0.08° to 0.05° K.

This would yield values of a ¥4 x 10-4 to 6 x 1074 degg.
(Although this paper contains scant ihformation of the

experimental details and is often neglected in the literature
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it does confirm our view that results on 0060 in Cobalt metal
are ambiguous).

The nuclear specific heat of cobalt metal has been
measured by Heer and Erickson (1957), Heer (1958) and Arp
et al (1957). The data of Heer and Erickson (1957) and Heer
(1958) give:

-4
R =4 x10 eee. (1a)

those of Arp et al (1957) give:

2
CL =6.2x 1074 eeee (1b)

where C/R is the speéific heat per mole and R 1s the gas
constant. From these results we may derlve a value of

a =1.4 x 10°% 2

and 2.17 x 10" deg? as follows: If we

assume that the Hamiltonian for a cobalt atom in the hexa-
gonal cobalt metai structure 1is simllar to that for the cébalt
ion in the crystalline electric fleld of axial symmetry in

cobalt salts we may write as a first approximation:

5& =AS,I +B (stx + sny) cees (2)
The specific heat can then be written (Bleaney 1950):
c ° 2 2 I
CT = (Af,+2Bcg) I(I+1) =4x 10"

: » 12 e (3)

where I is the nuclear spin of cobalt 59.
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Also using this Hamiltonian we may calculate the
polar diagram hence the anisotropy expected for Co60 gamma
rays at "high" temperatures. This calculation gives:

02 2
6 = (A60 - B6O) 39 e e o0 4
() (4)

ka2 :
If we assume that A2 » B2 and drop the B terms

then we obtailn:

c T2 2 21 ol 10""4 d 2 .. . O..L].
S Y agg (16 Jhk x eg” and 6.2 x 1 .
v es oo 5

and

L (a2 (39)
6 ———— kgs‘z 28 e o a e (6)

Since we can assume the fleld at the nucleus to be
the same for the cobalt isotopes in cobalt metal, from the
’re_latiqns Mg Hepr = 1/2 Agg Igg and MgoH oo = 1/2 AgiIg,
we obtain A6O = 0.572 A59. The value of A59 may be calcul-
ated from equation (5) hence the value of Agy 1s known and

upon substitution into equation (6) we obtain the result
£ = 1.4 x 107/ @ and 2.17 x 1074/ 12,

We offer the following qualitative explanation of_
- these results.

Hexagonal cobalt is formed from face-centered-
cubic'cobalt by a transformation on cooling below a temperature
of 4170 C}- This transformation 1s seldom 1f ever complete
and the structure of any particular specimen is often a mixture

of face centred-cublic and close-packed-hexagonal forms
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(van Arkel 1939). For instance Edwards and Lipson (1942),
found about equal proportions of the cubic and hexagonal
phases 1n a sample that had been annealed at 1,1000 C for

5 days and then at about 3800 Cvfor 1 week, Also small
completely cublc single crystéls of cobalt have been observed
(Edwards and Lipson 1942).

Even 1n the close packed hexagonal étructure some
face-centered cubic ordering 1s present and thls is referred
to as a stacking fault. (Edwards and Lipson 1942, Wilson 1942,
| Houska and Averbach 1958, Troiana and Tokich 1948). The
presence of these faults may be described in the following
way. Close-packed structures are made by piling up close-
packed planes of atoms in three different relative positions.
We may refer to these positions as A, B, C. In proper
hexagbnal clogse-packling only two of the_positions are used
80 that the successlion of planes may be represented by
ABABAB .... or BCBCEC .... or CACACA .... In the face centered
cubic all three positionsAare used and the succession of planes
may be represented by ABCABCA .... A close packed hexagonal
structure in which a fault occurs may then be represented by
the sequence AB&EQBC eeee INn the sample mentioned above
Wilson (1942) found on the average one fault in every 14
planes of atoms. In a sample heated quickly into the face-
centred cubic region (600O C) and ice?quenched, Houska and
Averbach (1958) also found one fault in every ten planes of

the hexagonal cbbalt.
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It is quite}probable then that after heat treatment
our crystal contalned a large proportion of the face-centered-
cubic phase. It would then appear from our results that the
presence of this phase reduces the anisotropy. This seems
quite likely for in such a structure (e.g. iron) the body
diagonals are the preferred axes:of orientation of the domains
and 1sotropic radlation would be expected in thls case. We
do not know how "perfectly" hexagonal our crystal was prior to
heat treatment and the phase composition of our crystal since
1t was subjected to heat treatment has not yet been determined
although work 1s in progress in this direction. If we assume,
as seems reascnable, that the crystal was initially more
hexagonal than after heat treatment we can state that the
constant "a" for a perfect or nearly perfect close packed
‘hexagonal crystal should be of the order or greater than
3x lo-u_degz. This implies of course that the c¢rystal used
by the Oxford group for their investigations did not havé a
perfect hexagonal composition.

| This explanation seems to receive confirmation from
the results reported by Khutsishvili (1957). It is inferred
from this paper that the Russlian group used fine cobalt powder
embedded in the coolinglsalt. The domalns were polarized by
a 1arg¢ external magnetic.field. It 1s known that grinding a
cobalt specimen to a fine powder will produce small particles
of perfect or almost perfect close packed hexagonal composi-

tion (Houska and Averbach 1958).
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Further 1f we accept the analysis given above of
the nuclear specific heat data of Heer and Ericksén (1957),
Heer (1958) and Arp et al (1957) we may then conclude that
thelr specimen contained a proportion of the face-centered-
cubic phase. This means that in the Hamiltonian glven in
equation (2) the terms A and B are decreased. In other words
the hyperfine coupling depends on the crystal phase 1in which
the atom finds itself.

At any rate our results indicate that the data on
nuclear orientation in cobalt metal 1s at present ambilguous
and should be further investigated in conjunction with x-ray
analysis before conclusions may be drawn on the hyperfine
structure coupling in the metal (Marshall 1958) and the con-
tribution of the polarization of the conduction electrons to
the effective field at the nucleus. Such studies are being

pursued in this laboratory.



Part II

Nuclear Orientation Experiments

L
with Mn5 in

Ferromagnetic MnBi

Introduction:

In single crystals of ferromagnetic alloys with
hexagonal structure the domain magnetization is generally
parallel to the hexagonal axls or in the basal plane per-
pendicular to this axis. Hence the unpaired electron spins
are aligned parallel or perpendicular to this axis. Since
thése unpaired electrons produce a magnetic field at the
atomic nuclei when the system 1ls cooled to temperatures of
about O.lO to O.OlOK, the nuclei will also be oriented
parallel or perpendicular to the hexagonallaxis. If the
nuclel are gamma—emitting isotopes this orientatlon can be
detected by an anlisotropic emission of the radiation. Measure-~
ments of the anlsotropy then yield‘information on the field
produced at the nuclel by the ferromagnetic electrons and
hence on their "location". Such observations with hexagonal
ferromagnetic crystals of binary alloys should indicate
whether the electrons are localized, in which case only one
component nucleus may show orientation, or ionized into a
band, in which case both may show orientation. The ultimate
object of this project was theréfore to ascertain whether »

the ferromagnetism should be described by a localized
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Heit1er-London-Hé1zenberg model, or a collective Slater-Stoner

model.,
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Procedure:

In face-centered cubic and body-centered cubic ferro-
magnetic crystals the preferred directions of domain magneti-
zation are generally parallel to the body diagonals of the
cube or parallel to the cubic axes (e;g. nickel and iron).
These are then not particularly sultable for nuclear orient-
ation experiments. Since in ferromagnetic crystals of hexa-
gonal structure the nuclel may align parallel to one axis
or in a definite plane we confined our attention to this
group. A seérch of the literature for ferromagnetic binary
compounds of hexagonal structure composed of elements with
gamma_emitting isotopes of adequately long half-lives produced
a list of promising alloys; e.g. MnBi, MnTe, MnSb, CrTe,

FeBe. Attempts were made to obtaln single crystals of these
compounds by slow cooling of the meit, in temperature gradient
furnaces of various design. Numerous trials with several of
these alloys produced only polycrystalline specimens from
which single crystals could not be separated.

| Spebial attentionvwas given to the compound MnBi.
It is an intermetallic compound with a hexagonal, NiAs,
erystal structure and a.high magnetic anisotropy (Guillaud
1943). It 1is most easily magnetized»along the hexagonal axis
until the temperature is reduced below 850K. Below this
temperature it 1s most easily magnetized parallel to the
basal plane (Guillaud 1943,.Bozorth 1951). .Its Curle
temperature has been found to be about 36000 (Guillaud 1943,
Heikes 1955). The gamma emitting isotopes MnS* ang p12°7 are
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very long-lived and readily available.

At the time this project was undertaken it was known
that single crystals of the required size had been produced
elsewhere by a special technique (Adams et a1>l952, Adams
1957). This technique required thorough mixing of the
reacting components by rotation, diffusion of the melt through
the walls .of the crucible and subsequent crystallization on
the outside walls of the crucible. We attempted to duplicate
this experiment with crucibles of the same composition as those
used in the original work and others of various composition
but without‘success. Two single crystals of some 10 cublc
‘mm. volume . each prepared by this method were placed at
our disposal by Dr. E.A. Adams. We tried to induce sufficlent

Mn54 207

and Bi radioactivity in these crystals by bombardment
in the gamma ray beam of the U. of Sask. betatron for 3 months.
However thé activity induced was much too weak for our purpose.
Recently single crystals of MnBl have been prepared by slow
cooling of the melt (Ellis et al 1957) but before this work
came to our attentlion we had abandoned this approach for the
one described below.

Experiments elsewhere have established that poly-
crysta;line specimens of MnBi when annealed at a temperature
of 3OOOC for about 90 hours in a magnetic field (e.g. 8000
gauss) form an aggregate of small oriented crystals with
their preferred axis of magnetization parallel to the applied
field (Roberts 1955, Williams et al l957a,A1957b). Hence an

assembly of crystallites prepared in this way has been found
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to be equivalent to a single crystal (Williams et al 1957b).
The formation of this parallel arrangement has been attri-
buted to a recrystallization of the MnBi in the magnetic
field (Boothby 1958).

Some Mn612 containing Mn54 dissolved in a few drops
of distilled water was dried by gentle heating on a thin disc
of manganese weighing about 1 gram. This was 5hen placed
.1n a molybdenum contailner and melted in an induction furnace
- for a few seconds. The manganese now containing Mn54 was
separated from the molybdenum container, ground to a fine
powder (200 mesh) and thoroughly mixed with fine Bismuth
powder (100 mesh) in a proportion of 45 atoms of manganese
to 55 atoms of bismuth. The reason for the excess bismuth
is thatAthe reaction does not go to completion and even
single crystals contain some free bismuth phase have been

observed (Ellis et al 1957). When studying the Mn54

radia-
tion 1t 1is of course desirable not to have any unreacted
manganese 1in the specimen although unreacted bilsmuth should
not alter tbe results. The mixed powders were placed in a
quartz contalner and sintered at 750°C for 12 hours, then
placed for some 30 hours in a small furnace at 31000 between
the poles of an electromagnet producing a field of 12 kilo-
gauss at the sample. (This procedure was adopted by the author
on the basis of the work of Roberts (1955). Our procedure

is similar to the technique of Williams et al (1957b) which

seems to give better results but which only came to our

attention later.)
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A rod shaped piece weighing about 1.5 gram was cut
from this specimen and copper plated in a copper strip 2.5 cm
long, 1 cm wide and 0.08 cm thick thereby providing a cool-
ing surface of some 5 cm2. This assembly was embedded with
glycerine between two half cylinders of pressed K Cr Alum

powder and mounted in the cryostat.

Results and Discussion:

To»invéstigate qualitatively whether our specimen
behaved as a single crystal we performed the following test.
The long dimension of our MnBi sample (0.7 cm.) corresponded
to the hexagonal axis of the oriented crystals, l1.e. the axis
along which the external magnetic fleld had been applied.

The specimen was mounted so that it could rotate freely and
'placed in dewars with unsilvered talls. The sample was
positioned with its "hexagonal" axis perpendicular to an
external field and at room temperaturé the torque on the sample
aligned this axis parallel to‘the field of 5 kilogauss. We

- cooled the specimen slowly to liquid air températupe With the
field on. The temperature was determined approximately by
measuring the resistance of a copper coilrplacedlin‘the dewar.
As the sample cooled the angle between the "hexagonal" axis

and the magnetic field increased and at a temperature of abou?
80°k (corresponding to zero magnetic anisotropy) this axis

had adopted a diféction perpendicular to the fiéld. The sample

was then cooled to liquid helium temperature at which

temperature a MnBl single crystal magnetizes preferentially
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in the basal plane. vRotating the magnet some 20 degrees
caused the sample to twist a few degrees to retain its align-
ment perpendicular to the field.
| The amount of Mn54 at our disposal when this sample
was prepared was unfortunately inadequate and we obtained
only some 30 counts per second in our counting apparatus.
Numerous runs with this sample failed to show any signi-
ficant anisotropy (greater than 2%).
| Since the technique used when thils sample was pre-
pared différed from that of Williams et al (1957b) it is
possible that in our specimen the crystallites were not all
well oriented in a parallel direction. Further in our speci-
men an appreciable proportion of unreacted manganese may
have been present. We found subsequently that a specimen
prepared by sintering at_750°C for some 12 hours contained as
much as 40% non-magnetic component. The presence of some Mn54
in thls non-magnetic material would glve an 1sotropic radia-
tion distribution and reduce any observable anisotropy.
Since we expect the nuclel to align in any arbitrary
directlon in the basal plane any anisotropy present would then
be reduced by a factor of 1/? compared to that expected for

Mn54

with alignment along one axis. The domains should how-
ever align parallel when an external fleld of adequate
strength is applied in some dilrection parallel to the basal
plane. Measurements of the radlation distribution with an
external field of 100 gauss along the basal plane also

failed to show any significant anisotropy.
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At any rate the effective cooling surface for such a
relatively large amount of material was certainly inadequate.
For these reasons we view the results obtained as inconclusive.
It is proposed to repeat these measurements with a more
active sample prepared according to the procedure of Williams
et al (1957b) ahd using a much larger cooling surface. Some
70 microcuries of B1207 are available in our laboratory and
it 1s also intended to investigate the distribution of the

radiation from this isotope in a sample prepared and mounted

in a similar manner.
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