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Ronald W. Grant 

Department of Chemistry and 
Lawrence Radiation Laboratory 

University of California 
Berkeley) California 

January 29J 1963 

ABSTRACT 

M~ssbauer experiments have been performed in external magnetic 

fields up to 86 kG with Pt
1

97 dissolved in FeJ CoJ and Ni sourcesJ and 

Au absorbers. The magnetic moment of the 77-keV isomeric state of Au197 

was meas.ured as iJ. = +0.37 ± 0.05 nm. The hyperfine fields at Au nuclei 

dissolved in FeJ hex. CoJ cubic CoJ and Ni were found to be -1420 ± 220J 

-980 ± 150J -990 ± 150 and -340 ± 70 kGJ respectively. The magnitude of 

the hyperfine field was found to be nearly proportional to the effective 

atomic magnetic moment of the host ferromagnetic material. Experiments 

were performed in an external magnetic field with sources of Pt197 dis

solved in Be and Pt in an attempt to measure ~ directlyj howeverJ compli

cated behavior was observed which is explicable in terms of mixed magnetic 

dipole and electric quadrupole interactions. The effect of magnetostric

tion has been observed in ferromagnetic sources which makes sign deter- 1 

ruinations of internal fields in ferromagnetsJ using the M~ssbauer effect) 

less straight£orward than is usually assumed. 
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L INTRODUCTION 

In recent years the investigation of internal magnetic fields has 

become a very active field.
1

'
2
'3 These investigations promise to give 

important information about the origin and mechanism of collective magnetic 

behavior. Until 1958, the main experimental tools used in attacking the 

problems were NMR, 4
' 5 paramagnetic resonance,

6
' 7 and heat-capacity 

measurements.
8 

The discovery of the M~ssbauer effect9 in 1958 now offers 

a new experimental technique to study internal fields. 

The nuclear Zeeman effect has been previously observed for Aul97 

dissolved in Fe~ Co, and Ni by using the M~ssbauer effect.
10

'
11 

The 

experimentally measured quantity in these previous investigations was the 

product of the hyperfine field and the magnetic moment of the first ex

cited state in Aul97, ~ H. Based on an assumed magnetic moment observed 
ex 

in neighboring nuclei, the internal field at nuclei of Au197 dissolved in 

Fe was calculated to be )HI ~300 kG. Recent nuclear polarization experi

ments12'13 on Au198 dissolved in Fe have measured the effective field at 

this nucleus as !HI~ 1600 kG. Nuclear polarization experiments have also 

been performed14 on Aul99 dissolved in Fe and the results indicated that 

the effective magnetic field at this nucleus was IHI _:::: 2000 kG. Since the 

origin of these effective fields must be in the extranuclear electrons, 

one would expect the field at all gold nuclei to be almost the same. 

The objectives of the present series of investigations were to 

measure directly the magnetic moment of the first excited state (77keV) 

in Au197, to measure the hyperfine field at Au197 dissolved in Fe, Co, 

and Ni and to determine the signs of these fields (i.e., the direction 

of the hyperfine field with respect to the applied external magnetic , 

field). By measuring~ and H independently it was hoped to resolve the 
ex 

aforementioned apparent discrepancy for Au dissolved in Fe. 
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II. THEORETICAL BACKGROUND 

A. Theory of the M~ssbauer Effect 

Several fairly exhaustive review articles have been written on 

the M~ssbauer effect (see for example reference 15). No attempt will be 

made here to duplicate these reviews) and only a brief outline of the 

theory pertinent to this work will be given. 

If a nucleus in a free atom of mass M emits a y ray of energy 

E ) conservation of momemtum requires that the atom must recoil with an y 
energy 

E 2 
_y_ 

2Mc
2 

(l) 

where ER is the recoil energy and c is the velocity of light. If the y 

ray connects two nuclear states which differ in energy by ETJ conservation 

of energy requires that 

(2) 

Therefore the y ray is emitted with an energy ET - ER. By the same 

argument a y ray) in order to excite a nuclear transition ET in a free 

atom, must have an energy ET + ER. Thus) in order to excite a transi

tion ET with a y ray emitted in a similar transition) an energy difference 

of 2ER must be supplied to the y ray. This situation is shown diagrama~ 

tically in Fig. l(a). 

The y ray studied in M~ssbauer experiments always connects an 

excited state to the ground state of a nucleus. The Heisenberg uncertainty 

principle indicates that the energy of an excited nuclear state cannot be 

known precisely, but only within an uncertainty given by 

~ . r (3) 

where ~ is the mean lifetime of the stateJr is the natural line width of 
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(a) 

Source 

(b) 

MU-29559 

Fig. 1. Energy distributions for emission and absorption 
in nuclear resonance flourescene: (a) free atom, (b) 
M8ssbauer atom. This ~~agram is not drawn to scale. 
For Aul97,r = 2.4 x 10 eV while ER = 1.6 x lo-2 eV. 
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the state, and h is Planck's constant. This means that y rays are not 

emitted with a precise energy E , but instead have a distribution of 
y 

energies (characterized by f) centered about E (indicated in Fig. 1)-. 
y 

It is very difficult to increase the energy of a y ray by precisely 

2ER so that it will become resonant and therefore experiments based on 
16,17 

this approach have received little attention. The situation~changed 

drastically with the discovery9 of the MBssbauer effect in 1958. 
The MBssbauer effect makes use of recoilless nuclear y ray transi

tions. When low-energy y rays are emitted from nuclei that are embedded 

in a solid with a large effective Debye temperature, eD,and low ambient 

temperature~T, there exists the possibility that a sizeable number of 

transitions will occur in which, instead of the nucleus recoiling to 

conserve momentum and energy, the whole crystal lattice recoils. This 

process increases Min Eq.(l) by an amount approaching Avogadro's number, 

and as a consequence the y ray is emitted with essentially the entire 

energy difference between the two nuclear states. The recoil-free frac

tion can be approximately expressed as3 

f = expf (4) 

where ER is the free-atom recoil energy and k is the Boltzmann constant. 

The recoilless process is reversible; i.e., a -y· ray with energy ET can be 

absorbed in a nuclear transition if again the conditions of small ER and 

T and large eD are met. The y-ray emission and absorption spectra for 

nuclei embedded in solids are very complicated and will reflect the phonon 

spectra of the solids. Only those y-ray transitions in which the whole 

crystal (or crystallite) recoils) and no vibrational modes are excited, 

will possess essentially the full transition energy ET. Figure .;L(b) shows 

diagramatically the result of recoilless emission and absorption in a 

source and absorber. The diagram indicates that nuclear resonance fluor

escence should be possible in this situation, which forms the basis for 

the MBssbauer effect. 
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The "typical11 MBssbauer apparatus has three basic components: a 

source of recoilless y rays; an absorber capable of absorbing the y-rays 

in recoilless transitions; and a y-ray detector. A means of moving the 

source and/or absorber relative to one another at velocities up to a few 

em/sec must also be provided. Several additional auxiliary systems may 

be necessary to perform a particular experiment but all experiments con-

tain these three basic componrents. In a · 11 typical11 experiment a colli-

mated source of recoilless y rays from a particular isotope shines on an 

absorber possessing nuclei of the same isotope, The detector is positioned 

behind the absorber and measures the transmitted amount of radiation. If 

the emitting and abso:rbing nuclei have exactly the same environment in 

both source and absorber; the maximum resonance (smallest amount of trans

mission) will occur when there is no relative velocity behreen source and 

absorber, A relative velocity has the effect of Doppler-shifting the y

ray energy by an amount 

v 
c E J y ( 5) 

where D.E is the change in r~ray energy; and v is the relative velocity 

between source and absorber. As the relative veloc~ty increases the 

resonance condition is destroyed and the amount of transmission increases. 

A plot of the intensity of transmission vs Doppler velocity will then 

show the M3ssbauer absorption pattern, 

I t 10 . 1 . b . tt b t n mos cases a SJ.ng e-lJ.ne a sorptJ.on pa ern can e represen -

ed by a Lorentz curve which has the form 

a (E) 
a 
m 

[ g_ (E-E )]2 + l ra. o 
} (6) 

where a (E) is the absorption cross section at energy E) r is the full 
a 

width at half maximum of the absorption line, and cr 
m 

maximum cross section; 

is the effective 
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2 
2Jt 'l'i 

(2I +l) ex 
(2I +l) 

g 
(6a) 

In the case in which the maximum resonance occurs at zero Doppler velo

city) E
0 

in Eq. (6) is just zero. 

If the chemical environment of the source and absorber differ) 

the spacings between the nuclear energy levels may be changed by an amount 
-6 

up to about 10 eV because of a change in the electronic distribution of 

the atom; in this case the maximum resonance will no longer occur at 

zero relative velocity. The change in position) E
0

J 6f the maximum re

sonance from zero velocity is called the isomeric chemical shift (or just 

chemical shift); its or.igin has 1:Deen discussed quite· thoroughly; for 

Au197 in reference 18. 

B. Internal Magnetic Fields and the Nuclear Zeeman Effect 

The M~ssbauer effect offers a powerful new technique for study-

ing internal magnetic fields in solids. Th~ hyperfine fields produce 

splittings in the nuclear magnetic substates that are observed to be on 
-6 the order of 10 eV or less. Such a small splitting and corresponding 

change in y-ray transition energy is well beyond the limits of observa

tion by conventional techniques. However) the M~ssbauer effect) with 

its only theoretical limit on resolution being the uncertainty principle) 

makes it possible to observe these small changes in y-ray energy and to 

consequently deduce information about hyperfine magnetic fields. 

If the recoilless y ray that is being studied represents the 

transition between nonzero spin nuclear states) there exists the possi

bility of magnetic splitting in both states) which as a consequence causes 

several y rays of slightly different energy to be emitted. This pheno

menon can occur in both the source and absorber J and if the nuclear spin::. ... 
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involved are large, the M8ssbauer absorption pattern can become very com

plicated and difficult to interpret. If the nuclear spins, I, involved 

are equal to or greater than one, then electric quadrupole interactions 

may be present, producing an even more complicated absorption spectrum. 

In reference 19 a procedure is described for relating the spin 

Hamiltonian to the positions of resonsance lines. The spin Hamiltonian 

which describes the nominal energy change and splitting of a particular 

nuclear state, in the case of axial symmetry around the quantization axis, 

is 

(7) 

Here Ec) represents an electric monopole interaction (responsible for the 

chemical shift), the second term represents a magnetic dipole interaction) 

the third term represents an electric quadrupole interaction; A is the 

magnetic hyperfine structure constant, P is the quadrupole coupling cons

tant, and M is the magnetic quantum number. We neglect interactions of 

higher order than quadrupole. To determine the position of absorption 

lines in the most general case, one must calculate the energy levels of 

the ground state and excited state in both source and absorber by using 

the appropriate constants in Eq.(7). The transitions between these energy 

levels will then be given by the selection rules that are appropriate for 

the multipolarity of the ~ ray. This problem is discussed in somewhat 

more detail in reference 19. 

In determining the shape of an absorption spectrum one must also 

consider the different Zeeman intensities of the transitions connecting 

the two nuclear states. In addition,. the~ rays connecting these two 

states in the source will be polarized and if hfs splitting is present in 

the absorber, this effect on the resonant absorption must be considered. 

(For example, a circularly polarized photon produced by a 6m = + 1 transi

tion and propagated along the Z axis can only be absorbed by a 6m = -1 

transition in order that angular momentum be conserved.) 
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Effect l·n Aul97 Theory of the Nuclear Zeeman 

This section is devoted to a consideration of only those aspects 

of the nuclear Zeeman effect that are directly applicable to Au
1

97 . To 

facilitate this discussion the decay scheme of Pt197 and the known excited 

states of Aul97 are shown in Fig. 2. The~ ray used in the M8ssbauer studies 

is the transition between the 77-keV excited state and ground state in Au
1

97 . 

Since both nuclear states connected by this transition have spin I > 0 

they might be expected to have nonzero magnetic moments. The ground-state 

magnetic moment and quadrupole moment have been measured20 and found to be 

~ = +0.14 nm and Q = +0.56 bJ respectively. The magnetic moment of the ex

cited state must be considerably larger than that of the ground state as 

deduced from previous experimental results.
1° For the excited state) Q 

l is necessarily zero since I = 2. In the presence of a magnetic field 

both states would be expected to split up as shown in Fig. 3. 

The Zeeman intensities and allowed transitions in the presence of 

a magnetic field can be found in:reference 21) or can be worked out from 

the squares of appropriate Clebsch-Gordan coefficients. In the presence 

of a randomly oriented magnetic field) two different emission spectra can 

be obtained for a~ ---~3/2+ transition depending on whether the mag

netic moments of the two states have the same or opposite sign. If they 

have the same sign) the emission spectrum will have the intensities 

1:2:3:3:2:1 (in the order of increasing energy). For the opposite sign 

the emission spectrum will be 3:2:1:1:2:3. In the presence of a magnetic 

field oriented along a given direction) the emission spectrum along the 

~axis will be 1:0:3:3:0:1 (same sign) or 3:0:1:1:0:3 (opposite sign). 

The same transition intensities apply to the absorption spectrum. 

When Pt
1

97 is dissolved in a ferromagnetic material an internal 

field is set up at the gold nuclei (produced in the decay process). This 

field splits the magnetic substates as expected in Fig. 3. Our experi

mental absorption patterns for Aul97 dissolved in Fe) Co) and Ni were 

symmetrical to within experimental error) which indicates that the amount 
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(3/2-,1/2-) 

18 -h Pt 197 

'--=-:------.--- 2 79 
""-=....:....--+~-- 268 

0 
Au'97 

MU-29560 

Fig. 2. Decay scheme of Pt197 and isometric states of Aul97. 
Data taken from reference 20. 
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1 
2,UexH 

1 

77 keV 

1 
312+ 2,ugH 

Au 197 T 
H--+ 

MU-29561 

Fig. 3. Expected Zeeman splitting of the 1/2+ ano 3/2+ 
isomeric states of Aul~7 in a magnetic field H. 
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of quadrupole splitting must be small (or zero)j therefore, this effect 

will be neglected. In the absence of an external magnetic field to align 

the ferromagnetic domains, an isotropic six-line ~-ray emission spectrum is 

observed that satisfies the usual ~-ray selection rules, ~ = ± 1,0. This 

spectrum with its corresponding Zeeman intensities is shown in Fig. 4(a). 

In this figure the magnetic moments of the two nuclear states are assumed 

to have the same sign. This assumption is justified from experimental 

evidence (Sec. IV B). The different Zeeman intensities should be observ

able in a M8ssbauer absorption spectrum if the spacings of the nuclear magr 

netic substate energy levels are larg~ enough and rain Eq. (6) is small 

enough. Unfortunately these conditions are not well met in the absorption 

spectrum of Aul97, but ~n equally good example of this point is shown in 

the Fe57 resonance pattern (see, for example, reference 3). 

Upon the application of an external magnetic field of sufficient 

strength to magnetically saturate the ferromagnetic material, one would 

expect the hyperfin'e field at the gold nuclei to orient either parallel 

or antiparellel to the external field (a more detailed discussion of this 

point is given in Sec. V c). Our experimental arrangement made it possible 

to observe only the longitudinal Zeeman components (~ = ± l) in the pre

sence of a magnetic field. This spectrum with its corresponding Zeeman 

intensities is shown in Fig. 4(b). 

For the case of Aul97 dissolved in Fe, Co, or Ni (in the absence 

of an external field) the relative splitting between the absorption lines 

is determined by the ratio g jg , where g and g are the excited and 
ex gs ex gs 

ground state g factors (g =~/I). All the possible absorption patterns 

can be described22 for this case by a "g-factor diagram" (see Fig. 5). The 

horizontal scales of this figure have equal energy-splittings between the 

magnetic substates of the ground and excited states. These substates are 

connected by lines representing the ~ transitions appropriate for dipolar 

radiation in an unmagnitized source (~ = ± 1,0). For a given g-factor 

ratio the absorption spectrum is obtained by drawing a horizontal striaght 

line (e.g., line AA') across the diagram. The intercept of this line 

with the "transition lines" then gives the relative splittings in the 
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1/2+ (a) 

77keV I 2 3 3 2 I 

3/2+ 

(b) 

I 3 3 I 

' 

1+ 112) 

l-112) 

I+ 312) 
1+112) 
j-112) 
l-312) 

MU-29562 

Fig. 4. Emission spectra of the 77-keV ~-ray (a) for 
randomly oriented magnetic field (b) along the axis 
of an oriented magnetic field. Transition intensities 
are indicated. Wave functions are given in liz) 
notation. 

f 
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112+ state 
I +112) 1-112) 

ro 
A--

0 L-~----~--------~~----~--
l-112) 1+112) l-312) 

3/2 + state 

MU-29563 

Fig. 5. The g-factor diagram as explained in Sec. II C. 
Zeeman intensities are indicated in parentheses. 
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absorption pattern. The relative intensities of the transition lines are 

shown in parentheses. 

Pr . . t 10 h h th t 1 th h f" l"t ev1ous exper1men s ave s own a on y e yper 1ne sp 1 -

ting associated with the excited state is well resolved in the absorption 

spectra of Aul97 dissolved in ferromagnets. Since neither the magnetic 

moment of this state oi, the hyperfine field at the gold nucleus is accurate

ly known, only the product f.l. H could be determined. However, by applying 
ex 

a known external magnetic field and measurd:ng·.tlie ·change' in excited-state 

splitting, f.l. and H can be measured independentlyj this was the object ex 
of the following experiments. 
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III. EXPERIMENTAL 

A. Apparatus 

Two different apparatus were used in the course of this workj 

they are described separately below. 

1. Tilted-Wheel Apparatus 

An apparatus was designed and built for use in the 5-in.-i.d. 7-MW 
magnet at the Low Temperature Laboratory on the Berkeley campus of the 

University of California. Of the several possible drive systems that have 

been used to Doppler shift the resonant~ rays, 15 we chose to use the 

tilted wheel. This is a constant-velocity d,rive system in which the ab

sorber is mounted on a wheel so that its plane is not perpendicular to the 

line between source and absorber but is at some angle, t), to this perpen

dicular plane (see schematic diagram, Fig. 6). The~ rays from the source 

are collimated so that they pass through a small area of the wheel, cen

tered about the line of intersection between the plane of the wheel and 

the plane perpendicular to the direction of ~-ray propagation that bisects 

the wheel. The wheel is rotated about its center with an angular velocity 

w(rad/sec). If the collimated~ rays pass through the absorber at a dis~ 

tance r from the center of the wheel, a velocity is imparted to the absor

ber nuclei in the direction of ~-ray propagation. This velocity is given 

by 

v wr sin e. (8) 

The relative velocity between source and absorber has the effect of Doppler 

shifting the energy of a ~ ray from the source in the reference frame of 

the absorber. It has become customary in M8ssbauer.experiments to define 

positive velocity as the motion of absorber toward the source, or source 

toward absorber (Le., when dx/dt is negative, where xis the distance 

between source and absorber). We shall therefore adopt this convention 
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To 
*-< ----1f51 

analyzer ~ 
To 

pump 

Audio 
osc. 

MU -29564 

Fig. 6. Schematic diagram of tilted-wheel apparatus. The 
various components are described in the text. 
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throughout. The tilted wheel was a reliable and relatively simple mech

anism which could be adopted easily for use in the 7-MW magnet. Some of 

the advantages and disadvantages of this i{ype of drive system are pointed 

out in reference 10. 

The magnet used in these experiment,s was a large solenoid mounted 

in a vertical position (see Sec. III E); it was only possible to observe 

~radiation along the H axis" The absorber was mounted at an angle of 25 

deg with respect to a;horizontal plane. Figure 7 shows a photograph of 

the inner part of the ~pparatus. The absorber was mounted in the can 

near the bottom of the apparatus arid the source was mounted at the bottom 

of the tube that extends down from the can. The distance between source 

and absorber was 21.2 em. The tube that ~olds the source is 2.05 em off

center from the can and is positioned so that the source will be directly 

below the horizontal line in the absorber. A lead collimator was placed 

in the bottom of the can to confine the ~-ray beam to a small area of the 

absorbe~, centered as?u~ the hori~ontal li~e. The distance between source 

and collimator was 18 em and the diameter of the collimator hole in most 

of the experiments was 6.5 mm. The bottom of the can could be unsoldered 

to replace the source or absorber. 

In Fig. 7 three tubes can be seen extending between the top of the 

can and the large brass plate at the top of the apparatus (a distance of 

21 in.). The small straight tube on the left goes to a mechanical vacuum

pump system that enabled us to pump out the inner part of the apparatus. 

The small tube on the right contains the drive shaft that rotates the ab

sorber. A 25-deg bend in this tube can be seen 1-1/2 in. from the bottom. 

The bend in the drive shaft, which is necessary so that the absorber can 

be mounted at a 25-deg angle, was made with a 1-1/2-in. piece of flexible 

"speedometer" cable held in place at both ends by bronze sleeve bushings. 

Two similar bushings were placedatthe top and bottom of the shaft to hold 

the shaft in place and restrict it to only a rotational motion. A Wilson 

seal was placed at the top of the drive shaft so that the interior of the 

apparatus would hold a rough vacuum. 
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ZN-3576 

Fi g . 7. I nt e r ior construct ion of ti lted-vrheel appar a tus 
as descr ibed in Sec . III Al . 
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After passing through the absorber, ~rays traveled to the top of 

the apparatus through the large middle tube seen in Fig, 7. This tube ex

tended through the brass plate for 1 in, and was then closed off in a 

vacuum-tight seal by a 2-mil copper foil. The ~-ray detector (described 

in Sec, III D) was' mounted directly above t~is foil; the distance between 

source and detector was 84 em, 

In order to obtain a r~asonably large value off in Eq. (1), 

M8ssbauer experiments using Aul97 must be done at or near liquid-He temp

erature, All of our experiments were conducted at 4.2°K, The dewar used 

to contain the liquid He was made of Pyrex glass and was bolted to the 

brass plate as shown in Fig, 8, A vacuum system consisting of a conven

tional diffusion pump backed by a mechanical pump was provided so that a 

vacuum between the walls of the He dewar could be obtained after the 

apparatus was in place in the magnet, A liquid-nitrogen dewar (again made 

of Pyrex glass and bolted to the brass plate) was placed around the liquid

He dewar; this assembly, shown iri Fig. 9, was placed~ :in the magnet, 

The apparatus, with the assembly in the magnet, is shown in Fig. 

10. The absorber was rotated by means of a Times Facsimile Corp, No. 182-

06-00-00 syncronous motor, the speed of which was controlled by an audio 

oscillator and motor amplifier system, The actual motor speed was geared 

down by 150/1. With this arrangement the absorber could be moved at Dop

pler velocities between 0,06 and 3,25 em/sec. The entire drive shaft was 

90 em long. This long shaft was necessary so that the motor would not be 

·affected by the stray magnetic field, The motor, gear box, Wilson seal, 

and top of drive shaft can be seen in Fig. 10. 

During an experiment a few em pressure of He gas was maintained in 

the interior of the apparatus. The liquid-He level in the inner dewar was 

kept above the top of the can containing the absorber so that the common 

temperature of the source and absorber at all times was 4.2°K. 
( 

2. "Automatic Spectrometer" 

In some experiments in which a magnetic field was not required, a 

different apparatus was used. This apparatus was a so-called "automatic 
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ZN -3577 

Fig . 8 . Liqu id - He d.e-1·ra r in pla ce a r ound tilted-wheel 
appar a t us . 
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ZN-3578 

Fig . 9. Ti l ted-wheel appar a tus completely a ssembled before 
lowering it i nto the 7-MW magnet. 
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ZN-3575 

Fig . 10 . Tilted-vrheel apparatus dur ing an experiment in 
the 7-MW magnet . Center of magnet is 17 i n . belovr 
f loor level . 
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spectrometer" in which the absorber was driven sinusoidally by a "voice 

coil" transducer and the instantaneous velocity was monitored by a pd:ckup 

transducer. With the aid of a time-to-height converter, the intensity vs. 

velocity spectrum was displayed directly on a 512-channel pulse-height 

analyzer. The drive was operated at 4.2°K; the source to counter distance 

was 7 em. This apparatus had the advantage of no logarithmic velocity re

solution and as a consequence no line-broadening corrections of the type 

described in Sec. III F were necessary. The same apparatus has been used 
. 1 . . t 19' 22' 23 
~n severa prev~ous exper~en s. 

B. Sources 

In all the experiments described in this paper, Pt
1

97 (see Fig. 2) 

was used as the source of the 77-keV radiation. The Pt
197 

was prepared 

by the reaction Pt196 (n,~)Ptl97. The Pt196 was obtained from the Oak 

Ridge Radioisotopes Division as a 60 to 70% enriched isotope; it was a 

coarse powder. During the course of experiments three different reactors 

were used for the neutron irradiations. The source-to-detector distance 

of 84 em in the tilted-wheel apparatus necessitated the use of very strong 

sources. For these experiments either the General Electric Vallecitos 

reactor at Vallecitos, California or the Phillips Petroleum MrR
6
reactor 

19 
at Idaho Falls, Idaho was used. Typically, 20 to 4o mg of Pt was ir-

14 14 
radiated for 18 to 36 h at a flux between 1 X 10 and 2 X 10 neutrons 

-2 -1 
em sec The source-to-detector distance of 7 em in the automatic 

spectrometer permitted the use of much smaller amounts of radioactivity. 

These sources were produced at the University of California's reactor in 

Livermore, California. About 10 mg of Pt196 was irradiated for 12 to 18 h 

at a flux of 1 x 1013 neutrons cm-2 sec-l About 12 h elasped between the 

end of an irradiation and the beginning of an experiment. 

The individual source preparation is discussed below. In all of 

fhe alloys the amount of Pt constituted < 1 at. % of the total material. 

The alloys were melted in a furnace under an argon atmosphere and using 

quartz glass containers. 
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l. Fe, Pt Alloy 

0 . 
Iron was melted with Pt at 1600 C for 3 h. The resulting alloy 

was quenched quickly in water. 

2. Hexagonal Co, Pt Alloy 

Cobalt was melted with Pt at 1600°C for 3 h. The resulting alloy 

was quenched quickly in water and then cold~worked by hammering for ten 

minutes. This procudure is expected to produce h.c.p. Co \see reference 

24). The quenching procedure used in preparing this alloy produces a large 

number of small randomly oriented cyrstallites which can be readily sub

jected to x-ray analysis. Our analysis showed the percentage of hexagonal 

Co to be 95 ± 5%. 

3. Cubic Co, pt Alloy 

Cobalt was melted with Pt at 1600°C for 1 h. The resulting alloy 

was quenched in water and then reheated to l300°C for 2-l/2 h. The sample 

was then furnace-cooled to room temperature over a period of about 2 h. 

This procedure has the unfortunate consequence of producing a sample with 

several fairly large crystallites. An x-ray analysis of the type used to 

analyze the hexagonal Co sample gave completely negative results. A Laue 

diffraction pattern showed a few uninterpretable spots, which only con

firmed the idea that several large crystallites were present in the speci

men. The size of the crystallites was such that neither "powder" nor 

"single crystal" methods of x-ray analysis could be applied, and thus no 

confirmatory x-ray analysis was obtained. 

However', we are fairly certain that this was indeed cubic Co for 

the following two reasons. (l) The transformation f.c.c. ~h.c.p. occurs 

in Co at 417°C, with the cubic structure being the stable high-temperature 
24 f0rm. If one assumes that the properties of the dilute alloy are not 

too different from those·® pure Co, it would be expected that an alloy 

prepared by the above procedure should retain a large amount of the cubic 

phase at room temperature. The transition rate at room temperature or be-

low. should be very slow if the alloy is not cold-worked. (2) A group in 

... 
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the Metallurgical Department of the University of California in Berkeley25 

has been studying the NMR spectra of several dilute Co alloys (~ 1%) pre

pared by a similar procedure to that described above. While they have not 

actually used Pt in one of these dilute alloys, they h~ve studied several 

other metals, including Ir and Pd, that are quite similar to Pt. From 

their results they conclude that in every case .the percentage of cubic Co 

is > 90%, and we therefore conclude that our sample was also largely cubic 

Co. 

4. Ni, Pt Alloy 

Nickel was melted with Pt at 1600°C for 3 h .. and .the resulting 

alloy was quenched quickly in water. 

5· Be, Ft Alloy 

Beryllium was melted with Pt at l500°C for 2 h. Since at elevated 

temperatures Be slowly attacks quartz, the Be and Pt were placed in a 

smal~ Ta crucible before alloying them in the furnace. The resulting alloy 

remained in the Ta crucible when it was used as a source. 

6. Pt Source 

The Pt powder, as it came back from the reactor, was used for 

this source. 

C. Absorbers 

The absorber used in the automatic spectrometer was a l-l/4-in. 

circle of 5~flAu foil supported at the edges while the~ rays passed 

perpendicularly through its center. 

The absorbers used in the tilted-wheel apparatus were ?-3/4-in. 

circles of either 5- or 10-mil Au foils. The 10-mil foil was quite rigid 

and was supported only at its center, by clamping it between two l-l/4-in.

diam brass plates; In addition to the brass plates, four spokes were 

necessary to keep the 5-mil foil itr a planer configuration. The effect 

of these spokes on the ~-ray absorption was averaged out as long as the 

wheel made several revolutions at each veloci~y, but they made it impossible 
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to get a reliable zero-velocity point. Zero-velocity points were taken 

with the 10-mil absorber but were observed to scatter considerably more 

than the statistical error and were eventually discarded. This scattering 

was attributed to small deviations in the thickness of the Au absorbers 

that were not being averaged out at zero velocity. 

D. Detector 

Because of the presence of large stray fields from the magnet 

(Sec. III E), a conventional scintillation detector could not be used in 

the magnetic field experiments. In order to obtain fairly high counting 

rates it was desira·ble to have the detector as close to the source as pos

sible but this condition would have made it extremely difficult to shieJd 

the phototube magnetically. The problem was solved by the use of a light 

pipe. A 4-ft length of highly polished 1-5/8 in.-diam lucite rod was 

used for the light pipe. Two bends of 15 and 75 deg were made about 1 ft 

from each end of the rod. A 1-1/2 by l-in. Nai(Tl) crystal was optically 

sealed to one endJ and a Dumont 6292 phototube was optically sealed to the 

other end. The lucite rod was first wrapped with Al foil to help prevent 

the loss of light from its surface and then wrapped with two layers of 

ordinary black electrical tape to make it "light tight". The light pipe 

enabled us to move the phototube away from the magnet without a loss in 

counting rate since the Nai(Tl) crystal could still be placed directly 

over the 2-mil Cu foil through which the~ rays emerged from the apparatus. 

The stray field at the phototube was reduced to ~ 100 G (when the manget 

was at maximum field) and--because of the bends in the light pipe--the 

magnetic shielding could be placed perpendicular to the field, which is 

very advantageous. The shielding consisted of a Mumetal tube surrounded 

by three concentric Fe pipes. The entire detector arrangement can be 

seen in Fig. 10. 

The output of the phototube was fed through a preamplifier, DD2 

linear amplifier, and into a 256-channel pulse-height analyzer. The re

soJut.j_on 0.f the 77-keV ~ ray was about 50%. Light pipes obviously cannot 
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be used where high resolution is required, but in the decay of Ptl97 where 

the 77·keV 'Y ray is well-resolved this poor resolution had no adverse 

effect. 

l. Light Pipes 

In developing the detector described above, a brief study was 

made as to how light pipes affect detector resolution and the percentage 

of light transmission. We define detector resolution in the conventional 

way (i.e., the half width of the photopeak divided by the -y-ray energy). 

All of the light pipes were made of highly polished l-5/8 in.-diam luciterod 

wrapped withAl foil and black electrical tape as discussed in the pre

ceding section. We observed the effect of varying the light-pipe length 

while holding all other experimental conditions constant [i.e., using the 

same phototube and Nai(Tl) crystal, keeping the gain of the preamplifier 

and linear amplifier constant, etc.]. The 'Y ray used in these studies 

was the 60-keV radiation produced in the decay of Am
241 . The effect of 

changing the optical seals was experimentally found to be negligible. 

Figure ll shows the detector resolution as a function of light-pipe length. 

The detector resolution is seen to increase in a fairly linear fashion as 

the length of the light pipe is increased. The point at zero light-pipe 

length was taken with the Nai(Tl) crystal mounted directly onto the photo

tube, and probably cannot be compared with the rest of the data since it 

has one less optical seal. The percentage of light transmission relative 

to that with the Nai(Tl) crystal mounted directly on the phototube is 

shown in Fig. 12. There seems to be no extremely simple interpretation 

for the shape of this curve. 

No detailed investigation of bent light pipes was made, but we 

observed that as long as the radius of the bend was large the resolution 

of the detector was relatively unaffected. The longest light pipe tested 

was 8 ft and had a 90 deg bend of radius 1 ft. The resolution of the 60-

keV 'Y ray was 64%, which falls near the line obtained by extrapolating the 

the data of Fig. ll (point is shown in parentheses). 

We observe that inserting a light pipe between a scintillator and 
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Fig. 11. Detector resolution vs light-pipe length. Details 
are described in Sec. III Dl. 
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Fig. 12. Percentage light transmission vs light-pipe length. 
Details are described in Sec. III Dl. 
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phototube causes no loss in counting rate, but only increases the detec

tor~ resolution and decreases the: amount of light gathered by the photo

tube; For relatively short light pipes(less ~han about 8ft) of the type 

described here and for 0'-ray energies ~ 60 keV, we derive a "rule of thumb" 

-expression 

/ d(detector resolution 
d light pipe length 

E. Magnet 

5%/ft. (9) 

The magnet used in our experiments was a large solenoid mounted 

in a vertical position. The inner radius of the solenoid is 4.8 in. and 

its length is 17 in. The center of;the magnet is located 17 in. below 
.· 4 . 

the floor (Fig. 10). A motor generator capable of supplying 10 A to the 

solenoid windings made it possible to obtain fields up to 93.7 kG at the 
. 4 

center of the magnet. The axial field profile at a current of 10 A is 

shown in Fig. 13, along with the position of the source and absorber. 

To obtain the maximum change in the M8ssbauer absorption lines, 

one would want to use the maximum possible difference in field between 

source and absorber. However, the~ rays must be collimated just before 

passing through the absorber and therefore a large distance between source 

and absorber will seriously reduce the counting rate. A compromise of 

these two considerations was what determined the position of the source 

and absorber shown in Fig. 13. A constant ratio of the field at the 

source, H8 , to the field at the absorber, HA' was therefore maintained 

and this ratio was 

= 4.13. (10) 

The maximum difference attainable in H$ - HA was 65 kG. 
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Fig. 13. Axial field profile at 10
4 

A for magnet described 
in Sec. III E. 
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F. Corrections to Data 

1. Sinusoidal Drive Correction 

The absorber of the automatic spectrometer was driven by a sin

usoidal drive system, which has the effect of spending unequal times at 

different velocities. To correct for this effect an identical intensity 

vs velocity spectrum was taken with a nonresonant ~ rayj by dividing the 

two curves point by point, the actual resonance pattern was obtained. 

2. Decay Correction 

In the experiments using the tilted-wheel apparatus the data were 

taken by rotating the absorber at a constant velocity and counting for a 

fixed "live" time (usually 2 to 5 min) at each point. The velocity was 

then changed and the above procedure repeated unti+ the entire resonance 

spectrum was traced out. A typical experiment would take 1 to 2 hj and 

since the half-life of Pt197 is only 18 h a considerable decrease in 

counting rate is observed from the radioactive decay. To correct for 

this decay the time at which each point was taken was recorded, and after 

completing a run the initial point was retaken. This gave the decrease 

in counting rate during the course of a run. Then, by knowing the exact 

time that each point was taken, an accurate decay correction could be 

made to the data. 

3. Line-Broadening Correction 

The main disadvantage in using the tilted-wheel as a drive system 

is the inherent logarithmic velocity resolution. When the wheel is rota

ting with a constant angular frequency the Doppler velocity imparted to a 

~ ray will depend upon the exact point at whlch the photon passes through 

the absorber. One therefore measures the absorption intensity over a 

range of velocities with a constant percentage velocity resolution (i.e., 

v0 ± cv
0

). The resolution of this system can be made as small as desired 

by reducing the size of the collimator hole but this will seriously re

duce the counting rate, so a compromise must be made. The 6.5-mm 
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collimator hole we used in most of the experiments described herein pro

duced a velocity resolution of between 25 and 30%. The actual geometrical 

velocity resolution is only 20%, assuming a point source, but this percent

age is somewhat increased by scattering from the walls of the apparatus. 

The effect of this logarithmic velocity resolution is shown in Fig. 14. 

The solid line represents i;ihe actual_ data obtained in an experiment. The 

dashed line shows the spectrum after a line-broadening correction had been 

made. 

The actual correction was made in the following manner. A spec

trum was taken in the automatic spectrometer (which does not have a loga

rithmic velocity resolution) to obtain the general shape of the absorption 

pattern. In all cases where two resolved dips were present the absorption 

patterns were observed to be symmetrical. The line width r of the ab-a 
sorption dips need not be the same in the two apparatus because of con-

siderable vibrations present when the magnet is running, these vibrations 

tend to widen an absorption line. However, the data from the automatic 

spectrometer indicated that the corrected patterns from the tilted-wheel 

apparatus must be symmetrical and gave a good estimate of the splitting 

between absorption dips. 

Ideally, to calculate the effect of a logarithmic velocity re

solution on an absorption pattern, one would integrate over the entire 

area where the~ rays pass through the absorber. However, we found that 

the correction could be made with considerable accuracy by dividing this 

area into only four equal parts, and then averaging the absorption in

tensity at the characteristic radii of these areas. The effect of line

broadening on several theoretical curves was calculated in this way, con

sidering the percentage of velocity resolution a limited variable (2~30%) 

until a fit to the experimental data was obtained. The data was then 

corrected point by point to the unbroadened spectrum. 
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Fig. 14. Effect of logarithmic velocity resolution on a 
Aul97 in Fe absorption spectrum. Solid line represents 
the data obtained in a typical experiment; dashed line 
represents data after a line-broadening correction was 
applied (see Sec. III F3). 
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G •. Ve-locity Calibration 

The absolute Doppler velocity scale of the tilted whee.l can be 

calcu,lated from purely geometrical considerations. One finds that a set

ting on the ~udio-os~illator (which controls the motor speed) of 20 cps 

corresponds to a Doppler velocity of 1.13 ± 0.06 em/sec. However, b~cause 

of various inaccuracies in measuring dimensions-the angle of the wheel, 

. etc .. -it. was found more accurate to cali;brate the. appara-t;.us experimentally 

by comparison with the Fe57 absorption spectrum, which is known very ac

curately.26 This spectrum was ob-t;ained in the automatic spectrometer by 

using a stainless .steel source and a Fe57 _(enriched isotope) absorber. 

The six-line spectrum gave a very aGcurat~ calibrat;t.on of this apparatus 

and ~nabled us to measure the chemical shifts of Aul97 in Fe, Co, and Ni 

very accurately. By comparing these values with several corresponding 

determinatiQns in the tilted-wheel apparatus, we obtained a calibration 

Qf ~0 cps = 1.084 ± 0.026 em/sec. The chemical shift was used in this re

spect rather than the splitting between absorption lines, because in a 

magnetic field chapges ip the unresolved absorption lines can affect the 

apparent splitting . 

.An attempt to calibrate· the tilted-wheel apparatus directly with 

Fe57 by using a 2~mm.collimator hole was only a partial success and gave 

a crude calibration of 20 cps = 1.15 ± 0.15 em/sec. The three methods of 

calibration described all give the same value to within experimental 

error. The second method was the most accurate and reproducible, and 

this calibration has been used throughout. 
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IV. RESULTS 

A. Sign of the Internal Fields 

One of the most interesting parameters relating to magnetism is 

the sign of the hyperfine field; i.e., whether the magnetic field at the 

• nucleus is_ parallel to the external field (positive) or antiparallel 

·(negative). This parameter can be determined in a M13ssbauer experiment 

by noting whether the absorption lines move apart or together upon the 

application of an external magnetic field. 

The positions of the source and absorber shown in Fig. 13 limited 

our maximum effective field to 65 kG (difference in ~between source and 

absorber). This is only about 5% of the total ~nternal field in Fe 

(Sec. IV C) and causes each resonance line to move only about 0.03 em/sec. 

The most effective way we found to accurately measure such a small effect 

was to take data at the four points of maximum slope on the intensity vs 

Doppler velocity curves. This method worked well for Fe and Co where the 

absortion dips are well resolved. Figure 15 shows where the data were 

taken for Fe. After one complete absorption pattern was obtained to 

determine the line shapes, and thus the slopes, the data at various fields 

.·were taken only at the indicated inflection points. By observing the 

change in slope of the two lines connecting these four points, and having 

previously determined the line shapes in the total absorption spectrum, 

the change in splitting of the excited state, o(~), was calculated. 

This method has the advantage of allowing several determinations of the 

splitting to be made at each value of the external field in a reasonable 

length of time. On the average 3 x 106 counts were taken at each point. 

Figures 16., · 17, and 18 show plots of o(~) as a function of the effective 

external field for Fe, hexagonal Co, and cubic Co. 

The absorption dips are not well resolved in Ni (See Sec. IV C) 

and so the method of taking slopes could not be applied in this case. 

For Ni the change in the position of--the absopption ilines was determined 

by observing the change in the full width of the total absorption pattern 

at half maximum, rT , as a function of the applied external field. By 
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Fig. 15. Typical absorption spectrum for Au197 in Fe. To 
determine the sign of the hyperfine field, data was 
taken at the four points indicated by arrows and the 
change in slope of the dashed lines with changing 
external field was noted. 
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Fig. 16. Change in excited-state splitting vs the difference 
in ff at source and absorber for Aul97 in Fe. Magnetic 
moment of 77-keV state as determined from solid line 
is indicated. 
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fitting Lorentz curves through the absorPtion pattern and then varying 

the splitting between these theoretical lines, the functional relation

ship between rT and the excited-state splitting was determined. The 

experimental r T was then converted to o (LE); the plot of . o(6E) vs 

effective field for Ni is shown in Fig. 19. This method is not as accu

rate as the "slope" method used for. Fe and Co because it is based on the 

splitting of unresolved lines and is much more sensitive to the line

broadening correction discussed in Sec. III F. However, the direction 

in which the absorption lines are moving is accurately determined; this 

is all that is necessary' to determine the sign of the internal field. 

Two main characteristics are apparent from Figs. 16, 17, 18, and 

19. Below about 10 kG the excited-state splitting increases in each 

case, with unequal slopes. Then over the range of about 10 < (JfS-JfA)< 65 

kG the excited-state splitting decreases with roughly the same slope. 

The data on Ni in this range have a somewhat larger slope, which we 

attribute to the poorer accuracy in its method of determination (dis

cussed above) . 

The total excited-state splitting is believed to arise from an 

effective field at the nucleus that is given by the vector sum of the 

internal and external fields plus a field associated with the magneti-

zation of the source H which we will term the "magnetostrictive field." mag 

It. t+Jfxt+Jf . J..n e mag 
(ll) 

The origin of H is discussed in Sec. IV Al. The magneti-mag 
zation of the source saturates at about 10 kG (actual field at the source 

is about 12 kG); above this field we are then comparing the internal and 

external fields directly by measuring the magnitude of their sum. This 

explains the observed linear relationship between 6(6E) and JtS~JtA. 
Because the excited-state splitting decreases in every case, the hyper

fine fields at Au nuclei dissolved in Fe, cubic Co, hexagonal Co, and Ni 

must all be negative. 
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Fig. 19. Change in excited-state splitting vs the dif
ference in Hat source and absorber for Aul97 in Ni. 
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l. Magnetization Effects in the Source 

We interpret the initial behavior of the data in Figs. 16, 17, 
18, and 19 as arising from the effects of magnetizing the ferromagnetic 

source; i.e., magnetostriction, domain orientation, and strain. These 

effects are related in a rather complicated way. 27 For the purposes of 

this qualitative discussion we choose to consider only those effects 

directly associated with dimensional changes. These effects are most 

easily described by magnetostriction. 

There are three main types of magnetostriction: Joule magneto

striction, transverse magnetostriction, and volume magnetostriction. 

Joule magnetostriction, AJ is the change in length (6£/2) of a ferro

magnetic body in the direction of the external magnetic field. Trans

verse magnetostriction, AT , refers to a change in length (6£/£) at 

right angles to the magnetic field. Vo.lume magnetostriction, ~ is 

the change in volume (6V/V) of a ferromagnetic material upon the appli-

cation on an external field, and is a much smaller effect than AJ 

AT· It is observed experimentally that AT is about half of AJ 

the opposite sign: 

or 

and has 

(12) 

The effect of Joule magnetostriction on Fe, Co, and Ni samples
27 

is shown in Fig. 20. The form of these curves should be regarded as 

typical for these elements, although actual values reported by different 

investigators vary considerably.
28 

Magnetostriction effects saturate 

(except for ~) when the ferromagnetic material becomes magnetically 

saturated. 

The origin of the hyperfine field at Au nuclei dissolved in 

ferromagnets must be caused by the overlap of electronic wave functions 

between the ferromagnetic and Au atoms. This mechanism is discussed 

in more detail in Sec. V c. The dimensional changes associated with 

magnetostriction will change the amount of overlap between the conduction 

electrons, which makes it reasonable to associate the initial increase 
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in the hyperfine field at Au nuclei-obser\r.ed in Figs. 16, 17, 18, and 

.19-with magnetostrictive effects. Joule magnetostriction in Fe, Co, 

and Ni saturates in the same direction (Fig. 20). This correlates with 

our data, which show that o(l:E) initially increases in all cases up to 

about 10 kG. The size of the initial increase in splitting can be 

correlated with the conduction-electron pol~rization mechanism (Sec. V C). 

The unpaired-spin density in the outer atomic regions is expected to be 

in the order Fe> Co> Ni. It is this unpaired-spin density that is 

believed to polarize-the 6s conduction electrons in Au through an ex

change mechanism, thus causing a hyperfine field to be set up at the Au

nucleus. If the change in electronic overlap between Au and the Fe, Co, 

and Ni atoms is roughly the same, this would account for the size of the 

magnetostrictive effects, which are also in the order Fe> Co> Ni. 

The effects of magnetostriction in well-annealed samples (Fig. 20) tend 

to saturate at somewhat lower fields than observed in our experiments. 

However this is not surprising since our samples were probably magneti

cally rather "hard. 11 

The effective field at the Au nucleus produced by one unpaired 

6s electron has been calculated29 to be H'. = 20.9 x 106 G. If we assume 
a 

that the hyperfine field at the Au nuclei is caused by the unpaired 6s 

electron spin density (or is at least proportional to this quantity), the 

hyperfine field which we observe for Au dissolved in Fe (1420 kG) would 

correspond to an unpaired 6s electron spin density of 6.8%. The effects 

of magnetostriction for Aul97 in Fe, which split the excited state by 

~ 0.8mm/sec, would then correspond to an increase in the unpaired 6s 

electron spin density of 0.4%. Magnetostrictive effects have not been 

reported in M8ssbauer experiments on Sn119, which are similar to the 

present experiments. 2 This is not surprising since only splittings at 

7 kG and zero field were compared. The atomic radius of Sn is larger than 

Au (1.51 1?_ as compared with 1-.40 1?_) .3° Considered by itself,this fact 

would probably make Sn rather sensitive to magnetostriction; however, 

the electronic configuration of Sn is considerably different from Au 

.and so no ~asy prediction can';be :.made ·a.s to the: size i;ofunagnet6'S'tr±ctive 
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effects. A further investigation of the Sn119 experiments at various 

fields would probably be worthwhile. The data in Fig. 16 make it quite 

clear that one must be careful in determining the sign of internal fields 

from M8ssbauer experiments merely by comparing absorption spectra at 

high and low (or zero) fields. 

B. 
. 197 . 

Magnetic Moment of the 77-keV State in Au 

The data in Figs. 16, 17, 18, and 19 at (itS - itA) ~ 10 kG can 

be used to determine the magnetic moment of the 77-keV state directly, 

since we are applying a known external magnetic field and measuring 

d(~ H)/dH = ~ . A least-squares fit to the data (where magnetostrictive ex ex 
effects are saturated) is shown by the straight line in the above figures. 

The magnetic moments derived from these lines are given on the figures. 

Only the data for Fe, hexagonal Co, and cubic Co were used in determining 

the magnetic moment, since the Ni data are much less certain. A statistical 

averaging of these three values gives, as the best value of the magnetic 

moment, 

~77 + 0.37 ± 0.05 nm · (13) 

The sign of ~77 can be inferred in the following manner. The 
. 20 

magnetic moment of the ground state has been found to be positive. 

As discussed in Sec. II C the absorption pattern will depend on whether 

~77 is positive or negative. We found it much easier to fit our data 

with theoretical curves w~en we assumed that ~77 was positive.· A 

typical example is shown in Fig. 21. This figure shows a Au197 in Fe 

absorption pattern taken in a large external magnetic.field. The ab

sorption and emission spectra in this case are expected to be either 

1:0:3:3:0:1 (same sign) or 3:0:1:1:0:3 (opposite sign). Theoretical 

Lorentz curves were fit to the data: the solid line ~epresents the 

"best" fit if we assume the magnetic moments have the same sign; the 

dashed line shows the "best" fit if we assume the magnetic moments have 



Q) ..... 
0 .... 
0'1 
c ..... 
c 
::::J 
0 
u 

Q) 
> 

...... 
0 
Q) 

0::: 

. -47-

630[ I 
I . 

• 

610 

600 

-1.6 -1.2 -0.8 -0.4 0 0.4 0.8. 

Doppler velocity (em/sec) 

Fig. 21. Absorption spectrum for Au197 in Fe, in an 
external magnetic field(~ - HA = 65 kG). Solid 
line is "best" fit, assuming magnetic moments have 

1.2 

MU.29575 

the same sign; dashed line is "best" fit, assuming 
magnetic moments have opposite signs. (see Sec. IV B.) 
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the opposite sign. The solid line gives a somewhat better fit to the 

data, thus indicating that the sign of ~77 is positive. 

The same conclusion is obtained from the data on Aul97 in Fe 

given in reference 29. In these data a much narrower absorption line· 

was obtained (approaching the natural line width) and the absorption 

pattern indicated a 1:2:3:3:2:1 pattern (no magnetic field was present 

in this case). 

Using our experimental value for ~77 , we can calculate the 

g-factor ratio for the 77-keV and ground states of Aul97: 

+ 7·9 ± 1.0 . 

This g-factor ratio and the relative splittings in the excited and 

ground states are indicated in Fig. 5 by line AA'. 

C. Magnitude of the Hyperfine Fields 

(14) 

The total splitting of the 77-keV state because of the hyperfine 

field can be obtained from the absorption spectra taken in zero ex-

ternal field (Fig. 22, 23, 24 and 25). To determine this value accurately 

the unresolved ground-state splitting must be considered. The absorption 

spectra in zero external field were fitted with six Lorentz curVes with 

the intensity pattern 1:2:3:3:2:1. The ground-state splitting was 

allowed to vary within the range with which the ratio of the ground-state 

magnetic moment and excited-state magnetic moment are known. The ex

perimental ground-state and excited-state splittings are given in columns 

2 and 3 of Table I. The magnitude of the hyperfine fields was then 

calculated from the excited-state splittings by using the experimental 

value ~77 = + 0.37 ± 0.05 nm; the results are given in column 4 of 

Table I. 

The magnitude of the internal fields cannot be obtained with 

great accuracy since the experimental limits of error on ~77 are quite 

large. However the ratios of the internal fields can be determined quite 

accurately from the excited-state splittings; these ratios are given in 

column 5 of Table 1. 
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Fig. 22. Absorption spectrum of Au197 in Fe taken in zero 
external field (tilted-wheel apparatus). Solid line 
is the sum of six Lorentz curves with the positions and 
intensities shown. 
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Fig. 23. Absorption spectrum of Aul97 in hexagonal Co 
taken in zero external field ("automatic spectrometer"). 
Solid line is the sum of six Lorentz curves with the 
positions and intensities shown. 
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Fig. 24. Absorption spectrum of Au
197 

in cubic Co taken 
in z~ro external field ("automatic spectrometer"). 
Solid line is the sum of six Lorentz curves with the 
positions and intensities shown. 
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Fig. 25. Absorption spectrum of Au197 in Ni taken in zero 
external field ("automatic spectrometer"). Solid line 
is the sum of six Lorentz curves with the positions 
and intensities shown. 



Table I. Summary of experimental results. a 

Excited-state Ground-state Hyperfine field Ratio of 
Source splitting splitting hyperfine 

j2f.L Hj l2f.L HI (kG) 
fieldsb 

ex g 
(em/sec) (em/sec) 

Fe-Pt (1%) 1.29 (2) 0.36 (2) -1420 (220) 1 

Cub.Co-Pt (1%) 0.90 (2) 0.24 (2) - 990 (150) 0.70 (2) 

Hex.Co-Pt (1%) 0.89 (2) 0.22 (2) - 980 (150) 0.69 (2) 

Ni-Pt 0-%) 0.31 (2) 0.09 (2) - 340 (70) 0.24 (2) 

Be-Pt (1%) 

Pt 

aErrors in the last place are given parenthetically. 

bRatio is defined relative to hyperfine field at Au nu~lei dissolved in Fe. 

CChemical shift is defined relative to a pure Au absorber. 

Chemical shifts c 

(em/sec) 

-0.54 (2) 

-0.54 (2) 

..:0.53 (2) 

-0.47 (2) 

-0.56 (5) 
I 

\.Jl 
\.N 

-0.12 (1) I 



D. Experiments on Aul97 Dissolved in Be and Pt 

In an attempt to measure ~77 in an even more direct manner than 

described in Sec. IV B (i.e., without the presence of an internal field 

produced by a ferromagnet), experiments using sources of Pt
1

97 dissolved 

in a lattice of either Be or Pt were carried out in an external magnetic 

field. Be and Pt. were chosen because of the large magnitude of absorption 

observed with these lattices. By measuring a change in the absorption 

spectrum upon the application of an: effective external field of 65 kG, 

we hoped to obtain a direct measure of ~77 . The full width at half 

maximum of a total absorption line, fT , does ·not change rapidly with 

small splittings in unresolved components of the line, so the most sensitive 

parameter becomes ·the size of the dip. The expected result for the ex

periments using Be and Pt was that with the application of an external 

field a single absorption line would split into several closely spaced 

and unresolved lines with a corresponding decrease in the depth (and 

small increase in the width) of the absorption pattern which could be 

related directly to ~77 . 

The experimental data obtained with Be and Pt sources are shown 

in Figs. 26, 27, 28 and 29. The data show that to within experimental 

error fT remains constant as expected, but they also show the rather 

surprising result that the depth of the dip also remains essentially the 

same and in the Be experiment possibly even increases slightly. 

The data on Be were taken by using a 5-mil Au absorber while the 

data on Pt were obtained with a.lO-mil Au absorber. In the absence of 

any line'-broadening, the expected r of a single absorption line for these 
. . 10 

two absorbers would be 0.24 and 0.29 em/sec, respectively. The total 

line widths rT for Be and Pt were 0.51 and 0.64 em/sec, respectively, 

which we feel is significantly wider than would be expected considering 

the effects of instrumental line-broadening'(i.e., vibration' finite 

velocity resolution, etc.). It therefore seemed possible that instead 

of having a one-line absorption pattern in zero field (or the small 

field used in Figs. 26 and 28), we actually had a two-line spectrum due 
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Fig. 26. Absorption spectrum for Au197 dissolved in Be. 
Hs - HA = 3.5 kG. Solid line is "best" fit, using 
a single Lorentz curve. 
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Fig. 27. Absorption spectrum for Au197 dissolved in Be. 
Hs - HA = 65 kG. Solid line is the same as in Fig. 26; 
dashed line represents expected absorption spectrum in 
65 kG, considering only the excited-state splitting. 
(See Sec. IV D.) 
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Fig. 28. Absorption spectrum for Aul97 dissolved in Pt. 
Hs - HA = 3.5 kG. Solid line is "best") fit using a 
single Lorentz curve. 
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Fig. 29. Absorption spectrum for ~u197 dissolved in Pt. 
Hs HA = 65 kG. Solid line is the same as in Fig. 
28j dashed line represents expected absorption spectrum 
in 65 kG, considering only the excited-state splitting. 
(Gee Sec. IV D.). 
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to quadrupole splitting of the Aul97 ground state in the source. One 

could postulate other mechanisms.for splitting in zero field, such as 

different lattice sites, etc., but a quadrupole interaction seemed the 

most plausible. A quadrupole interaction is not unexpected for either 

a Au impurity atom dissolved in hexagonal Be or a Au impurity atom dis

solved in cubic Pt, which could produce local distortions from cubic 

symmetry. Distortions of this type that produce quadrupole splitting of 

the nuclear energy levels have been observed in NMR experiments on 

cubic copper alloys containing small amounts of several other metals. 31 

(3ince the quadrupole moment of the ground state of Aul97 is sizable 

(Q = + 0.56 b), the possibility of quadrupole splitting seemed reasonable. 

We thus calculated the effect of starting with a two~line spectrum (due 

to quadrupole splitting in the ground state of the source)then applying 

a magnetic field. 

The calculation is not as trivial as it might seem at first 

glance, since the magnetic. field it and electric field gradi.ent 

d2y'/dZ' 2 
= q need not lie in the same direction; therefore, the nuclear 

spin I will be quantized along an axis that depends on the angle between _, 
Hand q, ~ , and on the relative strength of their interactions with I. _, 

. _, 
We will assume that the electric-field-gradient tensor q p~ssesses 

axial symmetry with respect to the z' •· axis. 

The total interaction Hamiltonian can then be written3
2 

I(I+l)J 
3 

(15) 

where g ~/I , P is the quadrupole coupling constant and Z is the 

direction of it. The quadrupole coupling constant has the form 

p 3e q.Q 
4I (2I-l) 

(16) 

where e is the electronic charge and Q is the nuclear quadrupole 

moment. For the case in which the relative magnitudes of the two 

interactions are similar, the problem cannot be solved by perturbation 
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theory so one must resort to numerical methods. The eigenvalues of 

mixed quadrupole and magnetic dipole interactions for I = 3/2 have 

been worked out in reference 33· In reference 32 the nonvanishing 

matrix elements of the above Hamiltonian are expressed in a general 

form. Using these matrix elements, we obtained secular determinates 

from which the eigenvectors corresponding to the eigenvalues of ref

erence 33 were calculated. As an example, Fig. 30 shows the secular 

determinate for A = 3-33 and ~ = 60° , together with the eigenvalues 

E and corresponding eigenvectors. Here A is defined as 
n 

2P 
3gH 

(17) 

There is a slight difference in notation between references 32 and 33 
which must be considered before computing the eigenvectors. The eigen

values in reference 32, E , are related to the eigenvalues of reference 
n 

33, T and T' , by m m 

E 
n 

2T' 
m 

E 
n 

2T 
m (18) 

From the eigenvalues and eigenvectors we then calculated the 

transition energies and intensities (weighted by the proper Zeeman 

intensities), and after considering the purely magnetic splitting in 

the absorber, obtained the spectrum of absorption lines. In the general 

case (i.e.,~ f 0 or 90 deg) there will be 32 absorption lines. We 

averaged several of the closely spaced lines with weak intens.ities and 

considered only the two major absorption lines in the absorber, to 

obtain an averaged spectrum with only about eight lines. Lorentz curves 

with r = 0.24 em/sec were fitted to the averaged absorption lines to 

obtain the absorption spectrum. The averaging process did not produce 

any significant loss in accuracy since only weak intensity lines with 

splittings << r were averaged. This calculation was performed for 

several ~ and A ; some of the results are shown in Fig. 31. The 

solid lines in this figu~e show the effects of mixed magnetic dipole 

arid electric quadrupole interactions calculated as discussed above with 
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/+3/2) /+l/2) J-l/2) /-3/2) 

(+3/2/ - 1.275 - E 2.250 1.949 0 
n 

(+l/2/ 2.250 0.075-E 0 1:949 
n 

1.949 0 0.675-E -2.250 n ( :.l/2/ 

0 1.949 -2.250 0.525 - E n 
( -3/2/ 

E l - 3·572 

E2 - 2 .11·95 

E3 + 2.586 

E4 == + 3.482 

'Jfl == 0.786/+3/2)- 0.523/+l/2) - 0.323/-l/2} + 0.072/-3/2) 

'Jf2 0.116/+3/2)+ 0.427/+l/2) - 0.565/~;J.-/2) - 0.696/-3/2) 

'Jf3 == 0.599/+3/2)+ 0.658/+l/2) + 0.428/-l/2) + 0.156/,-3/2) 

'Jf4 0.100 [+3/2)- 0. 333/+l/2) + 0 .628'~ -l/2) - 0. 697/-3/2) 

Fig. 30. Secular determinate, eigenvalues (E ), 
and corresponding eigenvectors '('Jf ) for n n 
~ == 3·33 and ~ = 60 deg. Parameters are de-
fined in Sec. IV D. Eigenvectors are ex
pressed in /Iz ) notation. 
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Fig. 31. Changes in absorption spectra produced by mixed 
magnetic dipole and electric quadrupole interactions 
as discussed in Sec. IV D. (a) f.. = 3.33, 13 = 60 deg; 
(b) f.. = 2.00, 13 = 6o deg; (c) f.. = 3.33, 13 = 0 deg; 
(d) f..= 3.33, 13 = 90°. Vertical scale is normalized 
so that changes in the depths of the absorption 
spectra can be compared directly with Figs. 27 and 29. 
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H8 = 86 kG. The dashed lines show the spectra that would be observed, 

if no quadrupole interaction were present, by applying an external field 

of H8 = 86 kG to the spectra in Figs. 26 and 28. Only the change in 

depth of these spectra is shown since, to within the accuracy of our 

calculation, rT. remained constant .. The vertical scale in Fig. 31 

has been normalized so that the change in the depth of these spectra can 

be compared directly with Figs. 27 and 29. 

The maximum amount of quadrupole splitting present in Figs. 26 

and 28 was ~ 0.1 em/sec, which limited the range of ~ to 0 < ~ < 
3·33 for H

8 
= 86 kG. We have observed much larger quadrupole splittings 

in gold compounds34 (on the order of 0.4 em/sec), so that this range of 

~ seems quite plausible. Figure 31 shows that the effect of a mixed 

dipole and quadrupole interaction is to make the depth of the absorption 

spectra larger [or at least the same depth as in Fig. 3l(b)], which is 

an effect in the right direction for explaining the Be and Pt data. The 

total absorption curves in Fig. 31 have been normalized to the same 

absorption area. This is actually only appropriate for an infinitely 

thin absorber, but because the change in splitting of the unresolved lines 

is small, it is expected that the error involved in this procedure will 

also be small. 

Our conclusion about the experimentsin Be and Pt is that the ex

perimental results can be qualitatively explained on the basis of a 

mixed quadrupole and dipole interaction. If one were willing to make 

certain drastic assumptions about the state of the source (i.e., the 
~ 

distribution of ~ with respect to EO, a quadrupole coupling constant 

could be derived; however, we choose not to do so. The most straight

forward way to investigate this problem quantitatively would be to use 
"'7 ~ 

a single-crystal source in which the orientation of ~ and H could 

be determined. 

E. Chemical Shifts 

The chemical shifts (E0 in Eq. 6) can be evaluated from the data 

in Figs. 22, 23, 24, 25, 26 and 28. When two absorption dips are present 

the chemical shift is defined as the shift from zero velocity to a point 
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midway between the two lines. The experimental chemical shifts are 

tabulated in column 6 of Table I. A detailed account of chemical shifts, 

which is outside the scope of this thesis, has been written. 19 
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V. DISCUSSION 

A. Comparison of Results with Previous Work 

In this section a comparison of previous experiments which 

relate to the present work will be made. 

A recent series of M5ssbauer experiments29 have been performed 

in which Ptl97 (in Pt) was used as the source and the absorbers con

sisted of Au (~ 1%) dissolved in Fe, Co, and Ni. This method has the 

advantage of obtaining somewhat better resolution of the absorption lines 

than do our experiments. By fitting Lorentz curves to the unresolved 

absorption lines from the ground-state splitting, and then comparing the 

ground-state splitting with the excited-state splitting, they calculate 

~77 = + 0.38 ± 0.08 nm. This method of determining ~77 has some 

serious drawbacks in that the splittings between unresolved absoyption 

lines are always difficult to determine with precision. In fitting the 

experimental data with theoretical curves it was assumed that the ab

sorption lines possessed the natural line width (r = 0.19 em/sec); any 

observed line-broadening was attributed to a quadrupole interaction. In 
. :::· 

calculating the effect of quadrupole splitting, q was assumed to be 

axially symmetric with respect to the TI axis, which is a rather serious 

assumption- as shown in Seco IV D. We feel that:·,the excellent agree

ment between our value:of'· ~77 and that in reference 29 is quite 

fortuitous. 

The values obtained in reference 29 for the internal field at 

Au nuclei dissolved in Fe, Co, and Ni are 1.46 ± 0.16, 1.18 f 0.12;, 

and 0.53 ± O.l6MG, respectively. These values agree with our res·ults 

to within the limits of error. In Fig. 32 we have plotted the excited

state splitting vs the atomic magnetic moment of the ferromagnetic host 

meta1. 35 As in reference 29, we find a strong correlation between the 

hyperfine field at the Au nuclei and the atomic magnetic moment of the 

host metal. The effects of crystal structure, internuclear spacings, 

wave functions, etc.--which differ in Fe, Co, and Ni--probably account 

for the small deviations from linearity seen in Fig. 32. 
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Fig. 32. Splitting of the 77-keV isomeric state in Aul97 
vs the atomic magnetic moment of the ferromagnetic 
host metal. 35 · 
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Nuclear polarization experiments have been performed on Aul98 

dissolved in Fe and Ni, and on Aul99 dissolved in· Fe. Since the hyper

fine field is electronic in origin its magnitude should be essentially 

the same for all Au isotopes. The sign of the hyperfine field should 

same. also be the 

The 

by Samo~lov 

first nuclear polarization experiments on Au198 were performed 
12 

et al. who found the fields at gold nuclei dissolved in 

Fe and Ni to be -1.0 and -0.18~G, respectively .. The signs of these 

fields were determined from ~ asymmetry measurements after making 

certain assumptions, described in reference 12, regarding the ·2-(~)2+ 

beta transition by which most Au198 nuclei decay. 

Our results confirm the sign of the internal fields but we feel 

the magnitude of these fields are both too small. One of the parameters 

used in determing Hint in reference 12 was ~~~ where ~ and ~ 

are functions of ~-decay matrix elements in the notation of-reference 

36. This parameter was not well known (?v./~ == - 1 ± 0.7); for a value 

of . ~~~ == - 0.3 the internal field at Au nuclei dissolved in Fe could 

have been as high as 4x 106 G. We have used our values for the internal 

fields at Au nuclei dissolved in Fe and Ni to set much narrower limits 
198 

on the ratio ~~~ for the 2-(~ )2+·- beta decay in Au , 

(19) 

For this range of ~~~ the magnitudes of the internal fields determined 

in reference 12 agree with our present results. 

To determine internal fields from nuclear polarization measure-

ments requires that the temperature at which measurements ar~ made be 

known quite accurately. Stone and Turrelll3 have repeated the experi-

ment on Au 198 dissolved in Fe, using a "Co60 thermometer. 11 They find 

the hyperfine field to be 1.4 :S ,I Heff < 1.8~G, which agrees well 

with our result. The hyperfine field at ~ul99 dissolved in Fe has been 

determined
14 

as Heff 2: 2 .O~G. This result is probably somewhat too 

high and the origin of the discrepancy may be in the absolute temperature 

scale used in the experiment. 
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The M5ssbauer effect has an advantage over nuclear polarization 

techniq_ues for measuring hyperfine fields. The nuclear polarization 

experiments measure an average magnetic field with no assurance that the 

field at all nuclei is the same. The M8ssbauer effect, being a spectro

scopic techniq_ue, can determine if there is more than one hyperfine field 

present (at least to within its accuracy of resolution). Nuclear polari

zation experiments are also q_uite sensitive to small inaccuracies in the 

absolute temperature scale which have essentially no effect in M5ssbauer 

experiments. 

Our results on the magnitude of the hyperfine fields disagrees 

with earlier estimates10 that used the M5ssbauer effect since these 

estimates were based on an assumed /J.
77 

= 1.6 nm. However the actual 

splitting between the two main absorption dips for Au in Fe from references 

10 and 37 is ;i.n good agreement with our results. In reference 10 the 

reported splitting between the absorption dips for Au in Co is only 

0.48 em/sec, which is considerably smaller than our valu~ of 0.74 em/sec. 

The latter value is in agreement with reference 29. During the course 

of experimentation we reproduced the Au in Co absorption pattern 36 times 

with 9 different sources and conseq_uently feel that the value 0.74 em/sec 

must be correct. 

B. Core-Excitation Nuclear Model of Aul97 

Braunhein and de-Sl'lalit38 have proposed a ratp.er interesting 

model to explain some basic features of the nuclear energy levels found 

in Au197 . This model assumes that the even-even core of odd-A nuclei is 

excited to the 2+ state (which is observed as the first excited state in 

almost all even-even nuclei) and that the subseq_uent coupling of this 

excited core with the odd nucleon produces the excited nuclear energy 

levels. This model, very nicely, explains the existence of the l/2+, 

3/2+, 5/~+, and 7/2+ excited states in Au197, and the absence of corres

ponding l/2+ and 7/2+ excited states in Tll97, which has a l/2+ ground

state spin instead of 3/2+ as in Aul97. 

The 77-keV state in Au19~ can be associated with the s,1/ 2 state 

This model predicts a value of 
10 

of the single-particle shell model. · 
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1.6 nm for an s1; 2 state; this value is observed in the ground states 

of both Tl203 and Tl205 (references 39 and 40). In Fig. 33 we have 

plotted the g factors for several known isotopes (data taken from 

reference 41). This Fig. shows that the value ~77 = + 0.37 ± 0.05 for 

Aul97 lies considerabllf below the lower limit for a s1;2 state; in 

fact, it almost lies in the "wrong" Schmidt group. While the single

particle shell model might be adapted, with some difficulty, to explain 

the different nuclear states in Au197 and Tl19·7, it would be very 

difficult to explain the smallness of ~77 with this model. The core

excitation model of reference 38 predicts a value of ~77 = 0.6 nm, 

which is much closer to our experimental result. 

In calculating ~77 in reference 38, a core g 

was first determined and thencoupled with the odd-proton 

factor (g = 0.64) c 
g factor 

g_p , to determine ~77 . This value of gc is somewhat larger than is 

usually observed.38 If we assume the more commonly observed g --which 

is about48 g ~ Z/A = 0.40-- and couple this value with the e~eri-
c 

mentally measured value of. the d
3

/ 2 proton in the ground state of 

Au197 (i.e.,~- 0.093), we calculate a magnetic moment of ~77 = 0.)6 

nm, which is in good agreement with our experimental result. 

C. Conduction-Electron Polarization Mechanism 

The origin of hyperfine magnetic fields is always associated with 

unpaired electronic spins. Gold in its pure state is diamagnetic and 

has no unpaired-spin density. It is therefore interesting to consider 

how the large hyperfine fields observed at Au nuclei dissolved in ferro

magnets are produced. For the initial part of this discussion we will 

fOnsider only Au dissolved in Fe, but the same ideas apply equally well 

to Au dissolved in Co and Ni. 

Atoms of Fe are known topossess a large unpaired-spin density 

in the 3d subshell. It therefore seems reasonable that these 3d electrons 

polarize electrons in the Au atoms, either directly or indirectly, which 

produces a hyperfine field at Au nuclei. Since only the conduction-
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electron wave functions on Fe and Au have any appreciable overlap, the 

polarization of Au electrons probably takes place via an exchange inter

action between these conduction electrons; 42 hence the term nconduction

electron polarization mechanism, n 

The complexity of electronic interactions in heavy a toms makes 

the quantitative estimation of hyperfine fields a very difficult task. 

We will compare our results with the conduction-electron polarization 

mechanism only in a qualitative manner. One of the main successes of 

the conduction-electron polarization mechanism is in explaining the 

negative sign of thehyperfine fields observed in a large number of 

magnetic materials, which is contrary to original predictions. 43 Cal

culations by Watson and Freeman44
J
45 indicate that in the outer regions 

of tran$ition metal atoms, the electron-spin density is oriented anti-
) 

parallel to the inner unfilled subshell, In the case of Fe, this in-

dicates the conduction-electron spins (we will assume that the Fe 

conduction electrons are 4s for the sake of this discussion) are oriented 

antiparallel to the net 3d electron spin. The effectiv.e, magnetic moment 

of the 3d subshell orients parallel to an external magnetic field, which 

orients the net spin of the 3d subshell antiparallel to the external 

field. The assumption of a positive exchange integra144 
J > Oy between 

the Fe 4s electrons and the 6s conduction electrons on the Au atom, pro

duces a negative field at the Au nucleus since the 6s electrons have~ 
/ 

a· fi~i:te density at the nucleus (contact term). The field at the Fe 

nuclei should also be negative according to this mechanism; this result 

has been experimentally c9nfirmed in reference 1 (Hint at Ni nuclei has 

also been measured as negative in reference 46), Figure 34 shows a 

pictorial diagram of the above interactionsthat produce negative fields 

at both the Fe and Au atoms, 

The internal magnetic field at Au atoms dissolved in ferro

magnetic hosts will depend mainly on two parameters; (a) the geometrical 

amount of overlap between the conduction-electron wave functions on the 

Au and ferromagnetic atoms and (b) the magnitude of the unpaired-spin 

density in the outer regions of the ferromagnetic atoms. In Fe, Co, and 

Ni this latter parameter will depend on the size of the effective magnetic 
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moment of the 3d subshell. •- The atomic radius of Au is considerably 

larger than Fe, Co, and Ni (1.40 compared with 1.24, J..251 and 1.24 R, 
respectivel~0 ), thus this large impurity atom must distort the normal 

lattice to a considerable extent and cause the geometrical arrangement 

of ferromagnetic atoms about the Au atom to be similar in all cases. 

The effects of different crystal structure and lattice constants in Fe, 

Co, and Ni would then be somewhat canceled out, and the amount of 

geometrical overlap between the conduction electrons on the Au and ferro

magnetic atoms would be roughly the same. In this case the pyperfine field 

·.at the Au nucleus, to a first approximation, would reflect only the 

magnitude of theunpaired-spin density in the ferromagnetic conduction 
-' 

electrons as observed in Fig. 32. 

The internal fields at cu63, 65 nuclei dissolved in Fe and Co 

have been measured47 by NMR techniques and found to be 212.7 and 157.5 

kG, respectively, .The electron configuration of Cu and Au are similar 

since they are in the same group of the periodic table. While the 

magnitudes of these fields are considerably different than at Au nuclei 

(due to. the different size of the contact term, different atomic size, 

etc.) it is interesting to note that the ratio of the hyperfine field 

at Cu nuclei dissolved in Co•and in Fe is 0.74, which is very close to 

the corresponding ratio of 0.70 that we observe at Au nuclei. 

While the,above discussion is only of a very qualitative nature 

at best, we conclude that our results are qualitatively consistent with 

the conduction-electron,polarization mechanism. 

D. Conclusions 

The magnetic moment of the 77-keV isomeric state in Aul97 has 

been measured as + 0.37 ± 0.05 nm. This value is well below the ex

pected range predicted by the single-particle nuclear model and helps to 

confirm the core-excitation nuclear model proposed in reference 38. 

The magnitude and sign of the hyperfine fields at Au nuclei 

dissolved in Fe, hexagonal Co, cubic Co, and Ni have been measured 
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and found to be qualitatively consistent with the conduction.;;electron 

polarization mechanism. The sign of the internal fields was found to 

be negative in all cases, and the magnitudes of the hyperfine fields 

were nearly proportional to the atomic magnetic moment of the ferro

magnetic host metal. The apparent discrepancy between the hyperfine 

fields at Au nuclei dissolved in Fe, which was mentioned in Sec. I, has 
I 

been resolved. We have shown that the sign determination of internal 

fields in ferromagnets, by using the M8ssbauer effect, is not as straight

forward as one might assume. 

The effects of mixed magnetic dipole and electric quadrupole 

interactions on M8ssbauer absorption patterns have been considered. In 

a polycrystalline source (or absorber), the absorption pattern is quite 

complicated and it is dangerous to draw any quantitative conclusion un

less the absorption lines are well resolved. A quadrupole coupling con

stant could be determined in a fairly straightforward manner if a sing~e

Ctystal source (or absorber) was used and the electric field gradient 

pos9essed axial symmetry. By orienting the electric field gradient 

along the H axis, tlie nuclear spin would be quantized along H so that 

a deviation in the absorption pattern expected from purely magnetic 

interactions could be related directly to the quadrupole coupling con

stant. 

By combining our data with that of reference 12 we have set fairly 

narrow limits on the ratio A./IJ. = - 0.55 ± 0.15 for the 2-(f3) 2+ beta 

transition by which most Au198 nuclei decay. 
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