UCRL-17536

University of California . .

Ernest o. Lawrence
Radiation. laboratory

POLARIZATION OF INDIUM J;"fUCLEI IN FERROMAGNETS
AND NUCLEAR MAGNETIC RESONANCE OF ,POLARIZED COBALT IN IRON
Rondel James Hollid.ay
(M. S. Thesis)

May1967

~

TWO-WEEK LOAN COpy

This is a library Circulating Copy
which may be borrowed for two wee~s.
for a personal retention copy, call
Tech. Info. Diuislon, Ext. 5545

Berkeley, California

DISCLAIMER
This document was prepared as an account of work sponsored by the United States
Government. While this document is believed to contain correct information, neither the
United States Government nor any agency thereof, nor the Regents of the University of
California, nor any of their employees, makes any warranty, express or implied, or
assumes any legal responsibility for the accuracy, completeness, or usefulness of any
information, apparatus, product, or process disclosed, or represents that its use would not
infringe privately owned rights. Reference herein to any specific commercial product,
process, or service by its trade name, trademark, manufacturer, or otherwise, does not
necessarily constitute or imply its endorsement, recommendation, or favoring by the
United States Government or any agency thereof, or the Regents of the University of
California. The views and opinions of authors expressed herein do not necessarily state or
reflect those of the United States Government or any agency thereof or the Regents of the
University of California.

UCRL-11536
UNIVERSITY OF CALIFORNIA.

Lawrence Radiation Laboratory
Berkeley, california

AEC Contract No. W-7405-eng-48.

".

. POLARIZATION OF INDIUM NUCLEI IN FERROMAGNETS AND NUCLEAR MAGNETIC
RE fiNANCE OF POLARIZED COBALT' IN IRON

Rondel James Holliday
(M •. B. Thesis)
.
May 1961

.;',

"

POLARIZATION OF INDllJM NUCLEI IN F'ERROMAG1'ETS 'AND NUCLEAR MAGNETIC
RESONANCE OF POLARIZED COBALT IN IRON·
Contents
Abstract . . . . . .

I.
II.

III.

Introduction .
Theory . . .

1

.

,

.'

'

A.

Nuclear Polarization

B.

Nuclear Magnetic Resonance in Ferromagnets

11
11 '

Apparatus

.

1.

Cooling System

2.

Polarizing Magnet

14

3.

Radiation Detectors

14

4.

Apparatus ,for Resonance Experiment

15
18

Thermometry

C.

Procedure
1. Nuclear Orientation of
. 60
2. Resonance In
c0

. ..

Treatment of Data
1.
2.

3·
4.

. '.

18

114~n

18
22 '

'

..

23
23

Solid Angle Correction
114m
191,keV ~ ray of
In
,
114
(3 ,Particle of
In,...
1.333 and ,1.172 MeV 'Y ray of

..

.
60

,

25

The Sign of the Internal Magnetic Field at·
Nuclei of In in Ni and Fe

B.

23
24'
24

Co

Results
A.

C.' Nuclear Magnetic Resonance in Polarized 60Co

')

q
c

.

. .

25

The Magnitude of the Internal Field at Nuclei
of In in Ni and Fe .

V.

7
11

'.

B.

D.

4
4

Experimental.

A.

IV.

'V'

26
,29

Discussion . . .

32

A. 'The Internal Field

32

-iv-

B.

Comparison of Conventional Nuclear Orientation
with NMR in Polarized Nuclei

VI.

Conclusions

36
39

Ac.knowledgments

40

References . . .

41

-v-

POLARIZATION OF INDIUM NUCLEI IN FERROMAGNETS AND NUCLEAR MAGNETIC
RESONANCE OF POLARIZED COBALT IN IRON
Rondel James Holliday
Lawrence Radiation Laboratory
University of California
Berkeley, California
May 1967
ABSTRACT
The hyperfinemagnetiqfields at

In

nuclei dissolved in iron

and nickel were determined by low temperature nuclear orientation of
114mIn in iron and nickel. 57 Co was used a~the thermometer. The re-

± 10 kG,H. t(In in Ni) = 42 ± 6 kG.
J..n
60
Nuclear magnetic resonanCe was observed in
Co nuclei polarized

sults are:

H. t(In in Fe)

J..n..

= -295

in iron at low temperatures.
MHz.

'.

The resonance frequency is 165.75 ± 0.15
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I.

INTRODUCTION

Nuclear orientation has long been used as a tool for investi-,
gating nuclear and solid state properties of the elements.

Of the

several ways of obtaining oriented nuclei, 'this thesis deals only with
that involving nuclei at very low temperatures in thermal

e~uilibrium

with a ferromagnetic lattice in which they are embedded.

Nuclear

orientation in ferromagnetic metals was first demonstrated with cobalt.
2
Later Samoilov et al. showed that it was possible to orient certain
diamagnetic elements when dissolved in a ferromagnet.

l

This method has

been used primarily for measuring the large hyperfine magnetic field,

~f'

at the nucleus of the impurity element.
Using the

techni~ues

of perturbed angular correlations, nuclear

polarization, Mossbauer spectroscopy, and NMR, accurate values of several
hyperfine fields at nuclei of elements between Y(Z ==
in Fe and Ni lattic'es have been determined'.
, a regular variation of
number.

~f

39) and Te(Z

== 52)
3
Frankel et al. have found

in Fe and Ni lattices with solute atomic

Thus accurate values for these fields have

ac~uired

a new

importance.

This thesis describes such' a mea surement-,for indium nuclei
. .lron an dnlC
' k e.
1
Th e d ecay sc h eme 0 f 114mIn lS
. ' -sown
, h
. F'19. 1 .
In
In'
Nuclear magnetic resonance in a ferromagnet was first observed

by Gossard and

Portis~

for

59Co nuclei in cobalt metal.

The strength of

the nuclear resonance'abosrptionwas orders of magnitude larger than
expected.

Th,is enhancement is due to the fact that the resonance is ex'"

cited predominantly by the hyperfine coupling itself rather than by the
externally applied rf field-.
In

1953 Bloembergen and Temmer 5 suggested the possibility of

observing NMR in nuclei oriented at low temperatures.

Early attempts

failed because of the warming of the sample due to the rf input.
thesis describes the first successful experiment of this type.

This
By

utilizing the enhancement of a rf signal in a ferromagnet ,it was possible
\.~

..

to observe nuclear magnetic resonance in polarized 60co nuclei in an
,
60
'.
iron lattice at low temperatures. The decay scheme of
Co is shown in
Fig. 2.'
The

e~sen~e

of this thesis may be found in Refs.

6 and 7.
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A.

THEORY

Nuclear Polarization

The theory of nuclear orientation has been discussed completely
8
"
' t'lon 0 f
el··sewhere. ,9,lO,11 0 n 1 y a b'
r~e f ou tl'
lne emp haSlzlng
pol
arlza
nuclei in ferromagnets is given here.
~f

a magnetic field,

angular momentum (spin),

H,

I,

is applied to a nucleus of total

the degeneracy of the 2I'U.:.nuclear magnetic

substates (hyperfine levels) is lifted.

Each substate now has a different

orientation with respect to the applied field.

The substates are separated

in energy and the difference is given by

e~ually

(1)
Ordinarily at room temperature these levels are
by the nuclei.
ever"

~~ually

populated

In such a system the nuclei are randomly oriented.

How-

if by some means, a distribution is achieved so that the levels

are not uniformly populated, the system of nuclei is said to be oriented.
It is useful to distinguish between alignment and polarization.
Defining

m as the

~uantum

number denoting the projection of the sub-

states on the axis given by the direction of the magnetic field so that
-I < m < I

and denoting the relative population of the

m sub states as

W(m), then for polarization the degeneracy or the sub states is removed
so that W(m) fW(-m) for ~t least one value of m and (m)
(m) is the expectation value of
.

completely removed and W(m)

m.

f

0, where

For alignment the degene'racy is not

= W( -m), i. e. (m) =

° but. (m ) f
2

0.

Therefore

. an'.'.electric field gradient acting at the nucleus can only lead to alignment whereas a magnetic field may lead to polarization.
If .there are several energy states available to a system in
thermodynamic

the states will be populated in proportion

e~uilibrium,

to the Boltzmann factor and the relative population of the substates will be
,

W(m)

e

-rn13

2:,e -rn13

m

-5where f3 = flH/Il~T.

fl

is the nuclear magnetic moment and

magnetic field at the nucleus, thus the

H is· the

m states -vtith lowest energy

will be preferentially populated.

f3

To achieve appreciable polarization
unity which implies, for reasonable values of
magnetic fie,lds and very low temperatures.
and I

must be of the order of
fl

and

I,

very large

For example with fl = 4.7 nm

= 5; H/T ~ 3 x 10 7 G/oK ..
, There are several different methods for obtaining high magnetic

fields at the nucleus.

The method used in this thesis "Iva s to form a

dilute alloy of the nucleus under study with a ferromagnet.

By applying

an external field sufficient to saturate the magnetization of the ferromagnet,effective magnetic fields of several hundred kilogauss, polarized
in one direction, are set up at the nuclei.,

The mechanism for the pro-

duction of these fields is discussed in Sec. VA.
It is possible to determine the orientation of nuclei by observing
the angular distribution of radiation emitted from the nuclei, since the
angular disi{ribution is dependent on the populations of the magnetic substates involved.
The angular distribution of radiation from polarized nuclei may.

8

be represented by

(2)

Wee)

where

is defined as the number of radiations emitted by the polarized:

nuclei at angle . .

e

divid.ed by the number of radiations emitted from the

.,

unpolarized nuclei at angle

e,.

where 8

is the angle between the direction

of the magnetic field and the direction of emission of the radiation.
The expansion is valid for
Here

I

A

equal to 21 or 2L, whichever is smaller.

is the angular momentum of the nucleus before decay and

the angular momentum carried away.
.. k

> 2L, Fk = O.

For

k > 21; Bk

=0

and for

L

is

-6The

Bk

term is the only temperature-dependent coefficient in

the expansion and is determined by the population distribution between
the hyperfine levels of the' parent nucleus.
Bk

=

(2k + 1)1/2

Since for alignment

Bk is defined by the relation

~ C(IkmO!Im) W(m)
m

W(m) = W(-m) and C(IkmO!Im) = (_)kC(Ik-mO[I-m) only

the even terms of the expansion are nonzero, whereas for polarization
both the even and odd terms appear.

B , B , and B4 have been tabulated
2
l
8
as functions of the Boltzmann factor t3 by Blin~Stoyle and Grace.
The Uk coefficient accounts for any reorientation occurring
during transitions preceding that observed and is dependent on the angular
momenta involved in the preceding transitions.
nomial of order

k

P

is the Legendre polyk
and is the only coefficient dependent on S.

The Fk coefficient depends on the multipole character of the
observed transition and_upon the angular momenta of the nuclear state
from which the observed transition is emitted and the final nuclear state.
For an unmixed
Fk
where

Ii

=

transition Fk is given by

~

. I -1.-1
f, 1 (21.+i) C(LL1-l!kO) W(I.1.LL;kI )
f
1
1 1

(-)

and

If

are the initial and final nuclear spins,

angular momentum carried away by the

~

ray, and

L

is the

W is a Racah co-

efficient.
Due to the conservation of parity in
odd

k

are zero.
'Y

transition the Fk for

Therefore it is impossible to differentiate between

nuclear polarization or alignment by measuring
That is for a

~

W(S) for a

~

transition.

transition W(S.) = W(S+rr) and the direction of nuclear

polarization cannot be determined, since P
is an even function of .
k even
cosS .. ·
Since parity is not conserved. in t3 transitions, it is possible
to determine the direction of the magnetic field acting at the nucleus
by observing the angular distribution of t3particles emitted from the
polarized nucleus.

The angular distribution must now include the odd

-7terms and for a Gamow-Teller electron decay (.61 :=±l); is given by
W(8)
where

W(8)

is the same as in E~. (2), and

electron velocity to the velocity of light.

vic

is the ratio of the

Only the k:=l term has been

included, since the higher terms vanish for allowed

~

decay.

Nuclear Magnetic Resonance in Ferromagnets

B.

12

When a magnetic field is applied to a nucleus, the hyperfine
,levels split by an energy
radiation of energy

e~ual

.6E ,given by E~.

to

.6E

(1).

When radiofre~uency

is applied to the nucleus, nuclear

magnetic resonance is induced and transitions between the levels occur.
Nuclear Magnetic Resonance in Ferromagnets (FNR) involves nuclei
in two distinct environments:

domains and domain walls.

This thesis

..

deals only with FNR in domains, since in all cases reported here the
,ferromagnet is magnetically saturated and therefore all the walls have
been swept out of the sample.
If the externally applied magnetic field is changed the resonant
fre~uency

will also be changed ..' In this manner it is possible to tell

if the external field is parallel or antiparallel to the field at the
nucleus.

If an increase in the external magnetic field causes an in-

crease in the resonance fre~uency then the two fields must be parrallel
a'nd vice versa.
One of the most distinct characteristics of FNR is the enchancement factor.

If the

magnetic field,

Ro'

z

axis is defined by the externally applied static

used to magnetically saturate the ferromagnet, then

the rf field, H , is applied along the x axis and varies from positive
rf
to negative to positive with the fre~uency of the rf field. The vector
"

sum of these tvlO fields forms a ,resultant applied field, Rres ' which at
a given time makes an angle ¢ with the static applied field, Fig. 3(a).

~8-

z

z

~=~>----x

(a )

( b)

z

(c)

Hint x

XBL675-3100

Fig. 3.

The enhancement factor.

See text for explanation.

-9The electronic magnetization)

M)

of the sample will follow the re-

sultant applied field) Fig. jeb).

That is) . the effec:t of the trans-

verse rf field is to turn

M)

back and forth) through an angle 2¢

given by
tan ¢
since '¢

is small.

'I'his creates a transverse magnetization,

Since the large internal magnetic field) H. t) arises through the interIn

action of the electrons with the nucleus) H. t)is alignedwithM.
gives an"

x component

Hf f and is given

In

This

to Hint) Fig. "3(<;) which varies at the frequency of

~y

= H

x

int

( Hrf )

H

\

0

Therefore the nuclei see a total transverse field

2Hl =

H J
I
r.1.)
Hr! + ~int \ Ho

= (

1 + Hint)H
H
rf
·0

Thus nuclear resonance excitation in ferromagnets occurs indirectly
through the response of the sample magnetization instead of by the
external rf field acting directly on the nuclear moments.

For cobalt

nuclei in iron H. t = 290kG and H = lkG) and the applied rf field is
In

0

amplified by 290.
If a rf field is applied to a system of oriented nuclei, at
resonance the frequency of the rf field equals the splitting of the
hyperfine levels of the polarized nuclei) and the rf induced transitions
partially randomize the Boltzmann distribution) which is set up by the
low' temperature and the large internal field.

The randomization has a

destructive effect on the angular distribution) W(G), of the emitted

~

-10-

rays) "Which can be detected by observing the counting rate at a specific
angle as a function of frequency.

The enhancement of the rf amplitude

in a ferromagnet is necessary to keep the rf po"Wer at a sufficiently
10"W level in order to avoid rapid "Warmup of the sample .

.,

-11III.

A.

EXPERIMENTAL
Apparatus

The basic P!ocedure used was to cool the alloy to a low temperature by adiabatic demagnetization of a paramagnetic salt to "Jhich the
alloy was thermally linked, then to apply a sufficient magnetic field
to magnetically saturate the alloy and finally to measure the intensity
of radiation emitted from the polarized nuclei at various angles and
compare w,ith the intensity'emitteli;' from the unpolarized nuclei.

For

the resonance experiment it was also necessary to apply an rf field to
,the alloy.
,1.

Cooling System
This was essentially that described by G. A. westenbarger l3 and

is shown'schematically in Figs'. ',4 and 5.
glass dewars, D.
liquid helium.

There are two double-walled

The outer contains liquid nitrogen and the inner
By pumping on the vapor above the liquid helium it was

possible to reduce the temperature of the bath surrounding the cryostat,
C, to 1 0 K.

The dewars were tapered in order to fit between the pole

pieces, P, of the large electromagnet used for abiabatic demagnetization
of the paramagnetic salt, S.

This magnet ,,,as capable of producing a

field ci'f 22 kG,in a 2.-5/8..,in. gap.

The salt, S, was a mixture of

powdered chromium potassium all.un [CrK(S04)2'12H20] and glycerine.

The

thermal link beh'een the salt and the alloy vIas accomplished by a
copper fin assembly, F, made from several sheets of 5 mil copper cut to
the shape shown in Fig.

5.

The thermal link is necessary in order that

the magnetic field at the salt can be reduced to zero in the process of
abiabatic demagnetIzation while a magnetic field of ",,2kG is applied to
the alloy.

If the. field at the salt were not taken to zero the lowest

possible temperatures would not be reached.
The cryostat, internal diameter 1-1/8-in., length 16 in., was
,connected to a vacuum system consisting of an oil-diffusion pump and a
mechanical fore pillIlp.

There wa s also a provision for letting helium ga s

-12-

DP

He

pump

DP

XBL675 - 3145

Fig.

4. Diagram of the demagnetization apparatus.
described in the text.
.

The components are
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o

deg

Nb ring
Source

90 deg

Copper
. fins
'Glass
cryo stat

o4+-l~~;'~-

Demagnetization
so It

X B L675 - 3097

Fig. 5.

,

.,

Cryostat assembly_for nuclear orientatlon of

114m

In ..

-i4into the cryostat.

This was used as an exchange gas so that heat could

be transferred from the demagnetization salt to the 1 0 K bath and vice
versa.

Also included in the cryostat was a pressed pill, M, of manganous

ammonium sulfate_ [Mn(NH4)2(S04\:2·6H20J, 7/S-in. in diameter and 1/4-in.
thick.

This paramagnetic salt is cooled by the fringing field of the

electromagnet and serves to absorb any exchange gas not pumped out by
the vacuum system.

This particular salt was used because of its large

A field of 6kG will cool the

heat capacity and the small field needed.

salt to its Curie point located a little above O.loK.
2.

14

Polarizing Magnet
This is represented in

Fig~

4 by

T and consisted of a tube of

niobium metal 3/S in. long, with a l/2 in. o.d. and 3/S in. i.d.
is superconducting under the experimental conditions,

Niobium

When the large

electromagnet is turned down in the process of demagnetizing the cooling
salt, flux is trapped in the niobium ring when it goes superconducting
and a field of 2.3 kG is produced .. The direction of the field defines
the

z

axis.

3 . . Radiation Detectors

(a)
~

i

Gamma detectors.

,

Two scintillation counters consisting of

3 X 3 in. NaI(Tl) crystal mounted ,to a photomultiplier tube were used.

The output from the photomultiplier went to an amplifier and then into
a pulse height analyzer . . For observing the 136.4 keV'"'I-ray of C0 57
better resolution than the NaI could provide was needed and a solid
state detector was used.

This consisted of a 3 X 2 X 1 cm lithium-

drifted germanium crystal, Ge(Li), at 77°K.
. to a p'reamplifier.

The crystal was connected

The output of which went to an amplifier and then

to a pulse height analyser.
at the 57 Co energies.

This system had a resolution of 3 kV FWHM

A 57 Co spectrum taken with the solid state de-

tector is shown in Fig. S.

For further information about solid state

detectors see Refs. 15, l6, 17, and lS.·

-15(b )

'Beta detectors.

A silicon surface-barrier detector) 19 B in

Fig. 4) mounted inside the cryostat was used.

The detector was placed

so that it would receive radiation emitted along the magnetization axis.
The lead wire) L) was brought into the cryostat from the helium bath by
means of a kovar seal.
apparatus.

A preamplifier) PA) was mounted on top of the

The pulses from the preamplifier went to a linear amplifier)

A) and then to a pulse height analyser) PHA.
4.

Apparatus for Resonance Experiment
The apparatus for the resonance experiment was essentially the

same as described above.

The only difference in the cooling system was

that the shape of the copper fins was changed.

See Fig. 6.

This was

necessary since the source had to be exposed to the rf field. ' For the
same reason the Nb ring had to be modified.

This was accomplished by

using two Nb rings) one on either side of the fins) in an arrangement
.similar to a Helmholtz coil.
1 kG at the source ~

This ppoduced a field of approximately

The rf input consisted of 50 ohm shielded cable,

running down through the helium bath to the top of the cryostat) then
of #20 copper wire (.035 in. diameter).

This was wrapped around the

outside of the cryostat to form a two turn coil.
no beta detector

use~in

See Fig. 6.

There was

the resonance experiment.

The rf circuitry and detection system are shown in Fig.

7.

Using this countin'g system it was po.ssible to set the windovl of the
single channel analyzer on the photopeak of interest and have the total
number of events in the window summed.and printed on a typewriter.
oscillator used was a Hewlett-Packard Model 608B.
was a Hewlett-Packard 5245L Electronic Counter.

The

The frequency meter

-16-

o
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Fig. 6.

Cryostat assembly. for NMR in polarized 60 CO •

A
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Fig.

7.

RF circuitry and detection system for the NMR of polarized 60 Co.
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Therrilometry

The temperatures of the

In. alloys were determined by observing

W(O) for the 136.4.keV'Y ray of 57Co~ which was included in the alloys.
)

This method of measuring the temperature of ,the alloy is more accurate
than measuring the temperature of the salt by the change of its
susceptibility, since there is a thermal gradient between the salt and
alloy.
57 Co was chosen because of the low intensity of potentially interfering high-energy radiations and because the moment and internal
fields of Co in iron and nickel are known.
spectrum of 57 co are shown in Fig. 8.

The decay scheme and "I-ray

Table I gives the calculated

intensity of the 136.4-keV "I ray vs.temperature, for 57Co oriented in
Fe and Ni. These calculated values are based on the nuclear. moment of
20
57·
4.6 nm
for
Co and magnetic fields at the Co nucleus of -286 kG and
-.120 kG in Fe and Ni respectively. 21

The 57 Co anisotropies have been

shown to obey the calculated relationship by comparison with a 60 Cb
22
thermometer.
No thermometer was used in the resonanCe experiments.

C.

Procedure

Nuclear Orientation of 114mln
All radioisotopes were obtained as chlorides in HCl solution.
.
114in
The In-Co-Fe alloys were made by evaporatlng the
In and 57 Co as the
chlorides in small iron crucibles (",.4: g) and then heating to 1600° for
5 minutes in an electric resistance furnace.
argon atmosphere and

#2

Alloy #1 was heated in an

in an evacuated quartz ampule.

The In-Co-Ni alloys (again two were made) were formed by plating
114mIn from an HCl solution onto a thin strip (5 mil) of Ni metal, then
evaporating a solution containing 57 Co onto the surface of the strip.
This was folded several times,
sealed evacuated quartz ampule.
in every case.

'.:-;!":.'.

-

~elted

at 1500°C for 10 minutes in a

Bright metallic alloys were obtained

The second Fe alloy was checked for homogeneity by

-19-

C0 57 (270d)
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10)(10·7S
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MUB·8248

Fig. 8. Garnma-ray"spectrum of 57 Co as recorded with a Ge(Li) detector.
The decay schem~ of 57Co is also shown.

-20Table I.
liT (OK-I)

10
20
30
40
50
60
70
80 .'
90
100

.
57 .
wee) vs liT for the ~o ~-ray thermometers.
Fe.lattice

Ni lattice
-

W(o)

W(rr/2)

W(O)

0·980

1.010
1.036
1.070
1.106
1.138
1.165
1.185
1.202 .
1.216
1.225

0·995
'0·986
0·968
0.947

0.g27

0.851
0.767
0.682
0.602
0·531
0.465
0.404
0·353

0.g20

0.890
0.856
0.822
0.786
0·750

w(rr/2)
1.002
1.007
1.016
1.026
1.039
1.053
1.068
1.083
1.098
1.113

-21-

cutting the alloy into several pieces and'counting the activity of each.
When count rate was plotted against weight, all points fell on a
straight line.
The alloys were pounded down to a thickness of
to the desired shape (2mm X 5mm).
for one hour at this point.

~10

mils and cut

The Ni alloys were annealed at 400°C

The Fe alloys were not annealed.

Each

alloy was then cleaned with acid to remove any residual surface activity
and soldered into a s,lit in the snout of the copper fin assembly, Fig. 5.
Next the chrome alum slurry was made up.

This was done by mixing

volumes (-J3 ml) of glycerine and a saturated
alum.

a~ue'ous

e~ual

solution of chrome

Then powdered chrome alum was added until the slurry had the con-

sistency of jelly which was then spread between the fins of the copper
,thermal link.

The fins ,were then placed in a glass tube (3-1/4 in. long,

3/4 in.diameter) and additional slurry added to fill the tube.

Care was

taken to make sure no slurry crept'up between the fins, since there it
would not be in the maximum magnetic field.

The slurry was used so that

good thermal contact would be made with the fins and also to improve the
thermal conductivity of the salt itself at low temperatures.
The slurry assembly and the manganous ammonium sulfate pill were
then suspended, by means of six

~ylon

threads, inside a brass cage

support assembly which bolted to the bottom of the cryostat vacuum line.
Next the glass cryostat was soldered into place around the brass cage.
This was accomplished by using a housekeeper seal at the top of the
cryostat which could be soldered to the bottom of the vacuum line and
thus make the cryostat chamber, C in Fig. 4, vacuum tight.
The outer surface of the cryostat was coated with an
,suspension of graphite mixed with acetone.

a~ueous

This prevented black-body

radiation from entering the cryostat and warming the contents.
The inner helium dewar was then filled with

li~uid

nitrogen and

helium exchange gas was introduced into the cryostat in order to keep the
,"

pressure at one atmosphere.
before pumping on it.

This was done to freeze the chrome alum

After approximately 30 minutes the pumping was

-22started on the cryostat and continued overnight.

When the pressure

reached ",10-6mm Hg, nitrog'en ."was put in the oute; dewar and the liquid
nitrogen in the inner dewar was blown out and liquid helium transferred.
H~liUmexchange gas was then let into the cryostat, bringing the pressure

to ",.03 mm.

The helium bath temperature was then lowered to 1 0 K by

pumping on the helium vapor.
The paramagnetic salt was then magnetized with a field of 22 kG.
After thermal equilibrium had been reached, that is, all the heat of
magnetization had left the salt (10 minutes), the exchange gas was
pumped out. When the pressure reached ",10- 6 rom, the magnetic field was
slowly and as reversibly as possible turned down.

The large electro-

magnet was rolled away and the table on which the detectors were placed
was moved into position. and

count~ng start~d.

Four-minute counts were

taken for 30 minutes and then exchange gas was introduced in order to
warm the alloy to 1 0 K and several warm counts were made.

Each spectrum

was printed out, giving the .number of counts in each channel of the
pulse height analyser.
The (3
alloys.

Several" demagnetizations were done with each alloy.
,
ll4 '
spectrUm of,
In was observed using one of the In-Co-Ni

The alloy was cooled as above and the detector in the cryostat,

B in Fig.

4 was used.

versing the polarity

Counts were taken both at 0° and 180°, by re~f

the electromagnet,

in order to determine the

sign of the internal magnetic field.
2.

Resonance in 60 Co
It is necessary to, use ,thin foil alloys in order that most of

the nuclei can feel the rf field.

where
(J

v

The skin depth in iron is given by23

is the frequency in cycles per second,

the conductivity in (ohm-m)

At a depth equal to
at the surface.

-1

,and

~

the permeability,

5 is the.skin depth in meters.

5 the rf amplitude has decreased to l/eits value

-23Two

60 Co alloys were made by plating
. 60 Co onto thin Fe foils

(1.7 X 10-4cm ) and then diffusing, ina vacuum, the activity into the
foil, (alloy I at 950°C for 80 hrs., alloy II at 950°C for 48 hrs.).
The alloys were soldered to the fin system using Wood's metal (m.p. 70°C).
After the alloy was soldered to the fin system the apparatus was assembled
and the alloy cooled as described in the previous section.

Using the

electronics shown in Fig. 7, the total number of counts per minute in
the

60Co photopeaks was printed out on the typewriter. Both the 1.173 MeV and

1:~·j33

MeV 'Y

for both.

rays were included in the window since W(O) is indentical

The rf input was kept constantat 0.5 volts peak-to-peak and

the frequency was changed at the end of each counting period.

D.
1.

Treatment of Data

Solid Angle Correction
It is necessary to account for the fact that the detectors are

not at a specific angle but subtend an angle proportional to the size of
the active surface of the detector.

This is accounted for by including

another coefficient, Qk' inEq •.(2).

Explicit values of Q and Q4 have
2
24
been tabulated as a function of yray energies bYYates
for various NaI
crystal sizes.

For the Ge(Li) detector it was.necessary to use the
following equation: 25 _
.

,
where

~

is the cosine of the half angle of the cone of radiation

accepted by the counter: . ~ was calculated ass~ing: iJhe,Ge::(Li) ;c):'y's ta 1:: was
circtUar with an are'a equal to the actual area.
2.

191 keV y-ray of

144m
In

The number of counts in the photopeak was summed and the background substracted.

The number to subtract for background was calculated

-24-:
by determining the number of counts ihthe same number of channels as
used for the photopeak only some distance from the peak.

Then by com-

paring the area under these channels' and the area under a line drawn
in as a continuation of the background under the peak, the background
was accounted for.

Next W(O) was calculated by dividing the cold count

rate by the warm count rate.

w(n/2)

was not accurately calculated since

it is one half the size of W(O) and therefore less accurate.

w(n/2)

was used as a check to make sure the alloy was good and that the anisotrppy seen was due to the magnetic field at the In nucleus.
W(O) for the 136.4 keV ~ ray of 57 Co .was·calculated in the same
manner described above.

Since the magnetic moment and the internal

field at the 57 Co nucleus is known, it was possible to plot
liT.

Wee)

vs.

Then by referring to this, the temperature of the alloy could be

determined for each counting period and thus
.f.~

'_

wee)

vs. liT could be

•

plotted; then by comparing with the experimental points' it was possible
.to determine .[H I for In in Fe and Ni.

3.

See. Figs .. 9 and 10.

~ Particles of 114In
It is possible to determine the direction of the internal field

by observing

Wee)

for

~

particles.

The

~

spectra obtained were not

c'orrected for backgrQund or solid angle since only a rough measurement
of W(O) was needed to det'ermine the direction of the internal field.

4.

1.333 and 1.172 MeV y ray of 60 Co
The cold count rate of the two

~

ray peaks of 60 Co was determined

as a function of the frequency of the applied rf.
solid angle corrections were made.

No background or
0
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A.

RESULTS

The Sign of the Internal Magnetic Field at Nuclei
of In in Ni and Fe

The internal field is defined as positive if the internal field
is parallel to the external field and negative if . antiparallel.

From

Eq. (3) it is seen that if W(O) is known the sign of Bl is determined.
The sign of Bl is dependent on the ordering of the hyperf'ine levels and
since the ordering of the levels is determined by the sign of
the determination of the sign of Bl' also gives the sign of

~int

JJ.H

.
int
It was found that W(O))~and W(1T)(I, implying JJ.Hint(O. To deduc~~the sign of H. t from the above data, the sign of the nuclear moment,
.
ln
26
.
JJ., must be known. Kogan et al.
assumed that reorientation occurs in
114
the 72-sec ground;state of. In, and that the( magnetic moment of this
state, JJ.

4' is therefore the one.in question. If this is correct, the
11
moment can be theoretically estimated as + 3.4 nm, using the nuclear
shell-model single particle states g9/2 (proton) and g7/2 (neutron).
This estimate is based upon Schmidt-limit values for the single-particle
moments, and more sophisticated methods of calculation would reduce its
magnitude somewhat, but if the proton has mainly g9/2 character a positive
sign for JJ. is inescapable.
114
If thermal equilibrium is not established in 72-sec. Inj that
J,.14m ". .
.
. 114 ,
1 n,
In lS retalned ln
is if the nuclear orientation induced in"
then the interpretation is even simpler. The magnetic moment has been
.
20
measured as JJ. 4m = + 4.75 nm.
Fortunately either interpretation yields
11
the same result: H. t for In in Ni is negative.
ln
The sign of H. t for In in Fe has been previously determined and
f oun d

t· 0 b e nega t·lve. 2g,27

-26B.

The Magnitude of the Iriternal Field at Nuclei
of In in Ni and Fe

Figure 9 shows the results for In in Fe.
one demagnetization.

Each point represents

The results for In in Ni are shown in Fig. 10.

Each point in this figure is the average of several demagnetizations.

The values obtained are
1Hintl -295 ± 5 kG (In in Fe)
IH.lnt l

=

42

±

3 kG

(IN in Ni).

The above statistical errors are the root mean square values.
They should be doubled in both cases to include miscellaneous systematic
errors.
.
28
Recent NMR values , for the above give
1Hint I

=

288 kG (In, in Fe)

IHint I =

33 kG (In in Ni)

where the experiment~l errors are within 2%.

The value for In in Fe

agrees well with the value obtained from nuclear orientation when the
difference in .concentration and temperature are considered.
Ni the agreement is not as good.
,a concentration of

~lat.

For In in

The NMR results were done at 4°K with

% whereas the concentration of the nuclear

orientation alloys was less than 0.1 at.%.
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C.

Nuclear Magnetic Resonance in Polarized 60Co

In Figs. 11 and 12 are shown the results of the first successful
attempt to abserve NMRin oriented nuclei in thermal equilibrium.
resonant frequency is 165.75 ± 0.15 MHz.

~ = 3.754

With a magnetic moment of

± 0.008 nm,14 this gives an effective magnetic field of

289.6± 0.7 kG.

The

fHf =

Assuming that the demagnetization factor for a thin

foil is negligible, and correcting for the polarizing field (1.0 ± 0.5 kG),
the value

fH.J.nt f

=

290.6 ± 0.9

kG

is obtained for the internal magnetic

field of very dilute Co in Fe (less than O~l at. %) at 0.03°K.

This

agrees 'Well with the value of 289.7 kG me~sured by NMR for 1% Co in 29Fe
arid 4 to 17% Co in Fe. 30 A more recent measurement gives -290.07 ± 0.09
kG. 31
'
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Fig. 11. Warm up curves· for 60Co in Fe (alloy II) at e = 0 0 • In the
upper part the frequency was varied with time and the resonance
effect appears at 165.8 MHz. The lower curve was taken with a
fixed frequency off resonance but with the same rf amplitude as
in the upper case.
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Fig. 12. Resonancg effect at 0° and 90° ,for two different alloys
(I and II) of °Co in Fe.
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A.

DISCUSSION

The Internal Field

The total magnetic field, H, acting at the nucleus may be written
as

where
field.

Ho

is the external, applied field and

is the internal

The internal field at the nucleus is given for cubic symmetry by

Hint
where

Hint

-DM

= ~f - DM + 4/3 11M

is the demagnetizing field depending on the shape of the

sample, (for a thin slab with the field, Ho,along an axis in the plane,
D

= 0),

4TIM/3 the Lorentz field and ~f the hyperfine magnetic field.

For a complete discussion of hyperfine interactions in magnetic materials
see Ref. 32.
The hyperfine field may be written for cubic symmetry as

where the fi~st term arises from the Fermi contact interaction.3 3

[~(O) [2 is the unpaired s

electron density at the nucleus.

The second

term is due to the electron orbital angular momentum, L, and will be
considered negligible with respect to the contact term. Marshal1 34
has shown that the orbital angular momentum term for the unquenched
part of the orbital moment in a ferromagnet is
The problem in upderstanding
tribution to

[~(O) [2.

~+50

~f

is in determining the main conIt has been shown by Collins and Low 35 using

neutron diffraction that there is a 3d moment of 2.1
site for Co and Fe.

kG.

~B

at the impurity

There are three main contributions to [~(O) [2 due

to this large 3d moment:

-33(a)

Spin polarization, which, occurs by exchange between electrons

of, the sam(=; spin, of the inner or core

s

electrons.

electrons have a majority of spin of, one sign, the

s

Thus since the 3d
electrons of the

c'ore, with the same sign will be attracted outwards toward the 3d electrons
and thereby cause a net contribution to [~(O) [2 by the core
",

s

electrons

of opposite spin.
(b)

Spin

polarization of the

4s

occurs in the same manner as for the core

,or conduction electrons

s electrons except in this

case the 4s electrons are on the other side of the 3d electrons and the
effect on I~(O)
(c)

12

is in the opp'osi te direction.,

The admixture of the 4s conduction electrons with the 3d

electrons causes the 3d electrons to have a partly 4s nature, which thus
,

contributes to I~( 0)

2

I"

Contribution (a) would lead to a negative value of ~f whereas
(b) and (c) would give a' positive value.' Since the experimental value
is' -290 kG, the contribution due to core polarization must be dominant.
The productiO~ of ~f for nonmagnetic elements (such as In) dissolved in ferromagnets is more complicated.

One interpretation is that

the unpaired spin of the" 3d electrons of the neighboring ferromagnetic
atom attracts the 4s conduction electrons of like spin thus leaving a
net unpaired spin density, opposite to the 3d, at the outer edge of the
Fe atom.

This unpaired 'spin density of the 4s Fe electrons interacts

via a positive exchange integral with the outers
impurity which in turn causes I~(O)
at the impurity nucleus.

12

electrons of the

to be nonzero for these electrons

This would give rise to the negative hyperfine
,

,

magnetic field for In dissolved in Fe and Ni.
Daniel and Friede136 'have proposed a model for nonmagnetic atoms
dissovled in Fe in which it is assumed that only the conduction electrons,
treated as free electrons, in the alloy are responsible for the hyperfine
field observed at the nucleus of the dissolved atom.

The impurity

,', atom is represented by a square potential well, the depth of which is
determined by' the condition that the electronic ,charge attracted by the
well exactly neutralizes the excess ionic charge of the impurity.

The

-34s-d exchange interaction shifts the two conduction "spin-up" and "spindown" half bands in relation to the "iriitial" bottom of the band so that
the effective depth of the impurity potential well is not identical for
the two directions of spin. . They take the s-d exchange interaction as
positive) i.e. to an excess of electrons having spins parallel to those
of the

d

shell in relation to the electrons having antiparallel spin.

If the excess d spin is taken as t then there are fewer conduction electrons of spin J. than of spin t.

The bottom of the conduction band for

electrons of sp'in J. is at a hig:qer energy: than for spin t) thus the effective·depth of the impurity well is greater for electrons of spin J.)
and the potential of the impurity atom has a greater attraction for the
_electrons of spin t than for those of spin J..

Thus there is an excess

of spin t electron density at the impurity nucleus and therefore a
negative hyperfine field by the contact interaction.
In Fig. 13 are plotted the best values

tp

dat~ fo~ ~f

of elements between Y and Te dissolved in Fe and'Ni. 31

at nuclei

The open 4d

shell probably contributes (via core polar1ation) heavily:to the negative
hyperfine fields above the

of the shell. Recrult measurements on
local moments for Ru in Ni by Matthias et al. 38 and the neutron diffraction
'Work of Collins and Low 35 -supp6rt this conclusion. The continuing large
negative

~f

mi~dle

in Ag) Gd) and In may be understood as arising from polar-

ization of the 5s conduction ·electrons as .was described above.
The systematic sign change of

~f

in the 5p shell indicates the

contribution of polarized conduction electrons.
however) has

yet to

be

given.

A quantitative. analysis)

- The measurements of

Fe and Ni emphasize the regularity of this trend.
_ probably another indication of the phenomenon.

l1if

for

In in

The Y-in-Fe point is

Any successful theory for.

these fields will have to explain.both the regularity and trends shown in
Fig. 13.
Ref. 39.

Trends among fields at solutes in ferromagnets are discussed in

· -35-
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~
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MU8-8249A

Fig. 13. Hyperf;ine fields at nuclei of atoms (Z=39-52) dis·solved in
Fe (circles) and Ni (squares) hosts. Cases for "Which the sign is
knO"Wn are sho"Wn as filled points.
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1.

Comparison of Conventional Nuclear Orientation
with NMR in Polarized Nuclei

A.ccuracy
The resonance, type experiment has the inherent advantage of

accuracy Over conventional nuclear orientation, NO.

This can be seen

by comparing the result of this thesis for In in Fe where the error is
"
"
~l
± lpkG to the result of Templeton and Shirley-- for Co in Fe where the
.
value of the hyperfine field is given as-290.07
-+ 0.09 kG. The 114m....1 n
is actually a very favorable case for NO due to its large anisotropy,
and the error is certainly representative of conventional nuclear orientation.
The curves shown in Fig. 12 show only a 1% effect.

This small

effect is due to the strong inhomogeneous broadening of the resonance
(linewidth 0.65 MHz) compared to the small natural linewidth.

By using

"". frequency-modulation and an amplitude, H , sufficient to saturate the
l
resonance, Templeton and Shirley have been able to observe almost complete
destruction of the anisotropy, thereby greatly extending the applicability
·of the resonance technique.
2.

Sign of H. t and the nuclear
.
ln

g

Factor

A.s mentioned.in the section On theory, the sign of the internel
field may:" be determined directly by varying the applied field and obserVing
the direction the resonant frequency shifts.
by Templeton and Shirley for 60co in Fe.

This has recentlybeeri done

They found that increasing the

external field decreased the resonant frequency; therefore the external
field is antiparallel to the internal field.
In the resonance experiment the quantity measured is

where

g

plotting

is the nuclear
v

g

factor and

~N

the nuclear magneton.

By

versus Ho; [g[, Hint and the sign of Hint can be determined

provided the "source is magnetically saturated.

-37The resonance experiment measures a frequency IgHI-L /hl while NO
N
using ~ rays measures an energy ll-LHljocombining both techniques would
40
determine the spin of the nuclear state.
3.

Relaxation Times
Templeton and Shirley31 have also demonstrated that this technique

is well suited to obserVe relaxation times, T . They saturated the 60 Co
l
spin system by sweeping in the resonant frequency range and observed a
dramatic increase in W(O).

)

After termination of the sweeping, W(O) de-

cayed to its equilibrium (oriented) value.'

They found that to within

experimental accuracy, w(b,t) obeyed the equation
W(O,t) -lif (0) = [W-(O,t ) -W (0)) exp[-(t-t )/TIJ
. , eq
0
eq
0
,where

Tl

depends only on the lattice temperature.

They measured Tl for

60 Co and 54Mn inFe,and 'found for 60,Co in Fe, (~NTIT
2 ) -1X10 7 = 0.87,
'
both
4
and for 5 Mn in Fe,b~TIT)-lXI07= 3.0. These are the firstT measure""
l
ments on ferromagnets in the millidegree range and the first such measurements for very dilute (10- 3%) solutes.

4. Temperature Scale
The resonance experiments are independent of any precise knowledge
of the temperature, although the alloy must be cooled in order to produce'
an anisotropy in the emitted radiations.

For NO the temperature must be

known accurately.

5. Treatment of Data
No corrections are made to the number of counts recorded in the
resonance experiment since only a relative chaJ1ge is being ,observed.
NO the absolute

v~lue

of the anisotropy is of importance and therefore

background and solid angle corrections must be made, as described in
Sec. III-D.

For

-386.

Use of Thin Foils;
The fact that thin foils (",10-

4 cm) are necessary for the reso"'"

nance experiments is a disadvanta'ge, since they are very susceptible to
accidents and alloy prepara-tion is much more difficult. 'This handicap
could be overcome however with the use of a mass separator by which it
would be possible ,to shoot the .desired isotope into the ferromagnet.
The depth of penetration could ,also be controlled.

7.

Finding the Resonance
If the nuclear moment of the isotope under study is not known,

then it may be necessary to sweep a considerable frequency range in
order to find the resonance.
NMR in polarized nuclei has the advantage over conventional NMR
in that a greater number of isotopes is available to this technique at
concentrations and temperatures much below that possible before.

3

4

with the advent of '. He - He dilution

' .

refr~gerators,

41 42
'

Also

the versatility of

,th~ NMR. in polarized nuclei technique should be greatly increased, making

, ,"~

'\,.

possible the measurement of relaxation times at constant temperatures
for dilute ferromagnetic alloys.

-39VI.

CONCLUSIONS

The internal magnetic fields at nuclei of In in Fe and Ni have
been measured and found to be H· = ··295 ± 5 kG (In in Fe) and
int
Hint = -42 ± 6 kG (In in Ni). These values emphasize the striking
regularity of the value of H. t in ferromagnets with atomic l1mnber of
1.n

the impurity.
Detection of nuclear magnetic resonance in polarized nuclei by
destruction of the anisotropy of nuclear radiation is shown to be
possible.

This technique opens up an entire new dimension for-nuclear

orientation.

It should now be feasible to measure with great accuracy:

H.1.n-t' nuclear magnetic moments, and spin-lattice relaxation times for
many radioactive nuclei,. at temperatures and concentrations which were
not accessible before.
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