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tt~ 

F. Bacon, G. Kaindl t, H.-E. Mahnke tt, and D. A. Shirley._ 

Department of Chemistry and 
Lawrence Berkeley Laboratory 

University of California 
Berkeley, California 94720 

November 1972 

ABSTRACT 

Thermal equilibrium nuclear orientation was employed to orient nuclei 

Of 196Au, 198Au, and 200mAu "1 t · ·t· · · · as d1 u e 1mpur1 1es 1n n1ckel and 1ron at temperatures 

down to 4 mK. The degree of nuclear orientation was determined from the 

anisotropy of gamma radiation emitted from the oriented nuclei. For 200mAu(Ni) 

both the magnetic hyperfine interaction I~HI = (7.65 ± 0.30)•10-18 erg and the 

magnetic hyperfine splitting I~H/II = (6.473 ± 0.012)•10-19 erg were determined 

from an analysis of the temperature dependence of gamma ray anisotropies and 

by nuclear magnetic resonance on oriented nuclei (NMR/ON), respectively. As 

a result the spin I and the magnetic moment ~ of the isomeric state could be 

derived as ITI = 12(-) and ~(12-) = (~) 6.10 ± 0.20 n.m. From the measured 

· t · f f" · · t• from the 0 --decay of 200mAu, an1so rop1es o 1ve gamma rays or1g1na 1ng ~ 

spins and multipolarities could be assigned in the 200Hg decay scheme. Nuclear 

magnetic resonance was also observed on oriented 196Au and 198Au in nickel at 

frequencies of 58.3 ± 0.4 MHz and. 58.5 ± 0.4 MHz, respectively. The hyperfine 

interaction for 197Au(Ni), measured previously by spin-echo, and our result for 

196 •198Au(Ni) agree with the known atomic hyperfine anomalies between 197Au 

and 196 •198Au only if the hyperfine field is assumed to have a non-contact 

contribution. For 196 •198Au(Ni) with ~f = (-) 260.8 ± 1.3 kOe, the contact 

•· •,, 
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part is then found to be H = - 367 ± 70 kOe, with the non-contact contribution c 

amounting to H = +106 ± 70 kOe. The angular distributions of several gamma nc 

rays are in excellent agreement with a decay scheme proposed by Cunnane,~ al., 

in which they found negative parity levels of spins 5, 7, 9, and 11 at energies 

of 1852, 1963, 2144, and 2642 keV, respectively, in 
200Hg. 
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I. INTRODUCTION 

Thermal equilibrium nuclear orientation, combined with nuclear 

magnetic resonance on oriented nuclei (NMR/ON), has recently been used sue-

·~ cessfully for the stuqy of static and dynamic hyperfine interaction parameters 

. . 

1-3 of dilute impurities in ferromagnetic host metalso This technique is 

especially useful when applied to high-spin isomeric states with half-lives of 

at least several hours, though only very few studies have been published up to 

4-6 
now. Both the size of the magnetic hyperfine interaction and the spin of 

the oriented nuclear state can be obtained in this w~. 5 

We have applied this technique to the 18.7 h isomer of 200Au, 7 which 

is expected to be an analogue of the well-known ITI = 12- isomeric state of 

196Au, for which spin and magnetic moment have previously been measured by 

the atomic beam method
8 

and by the nuclear orientation technique, 9 respectively. 

A similar long-lived isomeric state with a half-life of 49 ± 2 h has recently 

. 198 10 11 been found 1n Au. ' In the present paper we report on results of a 

measurement of the temperature dependence of the anisotropy of nuclear ga.nuna 

'tt d f . t d 200mA . . k 1 d . d f NMR/ON . rays em1 e rom or1en e u 1n n1c e an 1ron, an o an exper1-

ment on 200mAu in nickel. Both the spin and the magnetic moment of the isomer 

could be derived, providing evidence for its analogy with 196mAu. In addition 

some spins and multipolarities could be assigned in the 
200

Hg decay scheme 

from an analysis of the anisotropies of five ga.nuna rays originating from the 

200m 8--decay of Au. 

In another experiment, we have measured the magnetic hyperfine inter

action of 196Au and 198Au in nickel by the N.l'·ffi/ON technique. These results 

200m 
are helpful for the derivation of the nuclear g-factor of Au from the 

measured nuclear magnetic resonance frequency, and they also provide a means 
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for separating the hyperfine field of 196 ,198Au(Ni) into a contact and a 

non-contact part. For this purpose, the present results for 196 ,198Au(Ni) 

are compared with the hyperfine interaction measured previously for 197Au(Ni) 

by the spin-echo method.
12 

It is found that the hyperfine fields derived from 

the measured interactions show differences which do not compare with the 

known atomic hyperfine anomalies between these nuclei, if the hyperfine fields 

are assumed to have pure contact character. The discrepancy can be resolved 

by including a non-contact part of the hyperfine field, which should not give 

rise to a hyperfine anomaly. The same method has previously been applied to 

th al · · f th h f. f. ld f 198A · · 13 P "bl t t · e an ys1s o e yper 1ne 1e o u 1n 1ron. oss1 e sys ema 1c 

errors inherent in this method due ~o unresolved electric quadrupole splitting 

are discussed, and theiNMR results for non-contact hyperfine fields are 

compared with the results of Mossbauer eXperiments for 193Ir in iron, cobalt, 

and nickel. 

Following a_brief description of the experimental procedure in Sec. II, 

the NMR/ON results ;or 196Au and 198Au in nickel will be presented in Sec. III.A. 

I . S III B th ~NMR: /ON ult f 200mA . . k 1 . f 11 d . n ec. • • e . re~_ s or u 1n n1c e are g1ven, o owe 1n 

Sec. III. C. by the resultl3 of the study of the temperature dependence of 

gamma ray anisotropies. Details of the analysis, and a discussion, are 

presented in Sec. IV. 

.. 

1\ 
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II. EXPERIMENTAL PROCEDURE 

A. The Methods 

In the present work nuclear polarization was achieved by thermal 

equilibrium nuclear orientation via magnetic hyperfine interaction at dilute 

impurities of gold in ferromagnetic iron and nickel. The technique for 

measuring the degree of nuclear orientation is based on the fact that nuclear 

radiations may be emitted from oriented nuclei with an anisotropic angular 

distribution. The observation of the anisotropy of gamma radiation, in 

particular, can provide a useful tool for determining the degree of nuclear 

orientation. The angular distribution of gamma rays with respect to the axis 

14 
of quantization can be described by an equation of the form 

w(e) = 1 + L BkUkFk~Pk(cos e) 

k 

(1) 

where Pk are the Legendre polynomials and 6 represents the angle between the 

direction of gamma ray emission and the quantization axis (in the present case 

identical with the direction of magnetization). The maximum value of k is deter-

mined by the spins of the nuclear states and by the gamma-ray multipolarities. 

If parity violating admixtures in the pertinent nuclear states, and hence 

parity impurities in the gamma radiation field, can be neglected, only even 

values of k are permitted. With this assumption only terms with k = 2 and k = 4 

were taken into account in the present work. The Fk are the angular distribution 

coefficients for the observed gamma transition, the Uk are parameters describing 

II':' 
the reorientation due to unobserved preceding.decays, and the~ correct for 

the finite solid angle of the detector. The orientation of the initial state 

is described by the orientation parameters Bk, which are functions of the 

., 
I 
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Boltzmann population factors of the nuclear sublevels, depending on the 

ratio of the hyperfine interaction to the thermal energy kT. Therefore 

the analysis of the temperature dependence of gamma-ray anisotropies yields 

the magnetic hyperfine interaction ~Heff of the oriented nucleus. 

Nuclear magnetic resonance on oriented nuclei (NMR/ON) can be detected 

by a change in the gamma ray anisotropy, caused by radiofrequency-induced 

transitions between the nuclear sublevels. From the resonance frequency v a 

precise value of the magnetic splitting energy is obtained, which is given by 

(2) 

A combination of the results of both measurements therefore yields directly a 

value of the spin of the oriented nuclear state. 

B. Sample Preparation 

The gold isotopes were produced by irradiating metallic platinum foils 

with 18 MeV deuterons or 35 MeV a particles. The targets had isotopic com-

194 195 196 198 position 5.8% Ft, 13.6% Pt, 36.2% Ft, and 44.4% Ft. Deuteron 

irradiation resulted in 196Au and 198Au via the 196Ft(d,2n) and 198Pt(d,2n) 

reactions, while 198Au and 200mAu were dominantly produced by alpha bombardment. 

The gold activity was separated carrier-free from the platinum target by the 

standard ethyl acetate separation technique. After electrodeposition of the 

gold onto a nickel foil of 99.999% purity the sample was melted several times 
I 

in a hydrogen atmosphere.,oils were prepared from the Au(Ni) samples by cold 

rolling and annealing. For the NMR experiments the final thickness of the 

foils was adjusted to appr,o~imately 20000 A. Sources used for measuring the 

I 

'! 

.. 

•. 
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temperature dependence of y-ray anisotropies also contained 60co activity for 

,. • thermometry. The Au(Fe) samples were prepared in a similar way • 

.. 
C. Apparatus 

The samples were attached with Bi-Cd solder to the copper fin of an 

adiabatic demagnetization apparatus. Using cerium magnesium nitrate (CNM) 

as a cooling salt, temperatures down to 3 mK were reached. The relevant parts 

of the apparatus are shown in Fig. l. The cooling salt and the copper fin 

were surrounded by copper heat shields which were cooled by potassium 

chromium alum (CA). A superconducting Helmholtz pair was employed to magnetize 

the samples in a homogeneous polarizing field H • For the NMR experiments 
0 

an rf field H
1 

was applied perpendicular to H
0

• The amplitude of the rf field 

was measured during the experiment by means of a pick-up coil. Gamma rays 

were detected along and perpendicular to the polarizing field. 

For the measurement of the temperature dependence of gamma-ray 

anisotropies, gamma-ray spectra were taken for periods of 15 minutes with high 

resolution Ge(Li) diodes as the sample warmed up to 1 K over a typical period 

of 8 hours. After corrections were made for background and exponential decay, 

the anisotropies of the different gamma lines were obtained. The successive 

lattice temperatures were determined from the anisotropy of the 1173 and 1333-keV 

gamma lines of 
60

co. 

In the NMR/ON experiments, 3 x 3" Nai(Tl) detectors were employed in 

order to get higher counting rates. The intensities of the various gamma 

lines observed along the polarizing field were measured as functions of the 
I 

frequency of the applied rf field, which was modulated in sawtooth form over a 

bandwidth of 2 MHz with a modulation frequency of 100 Hz; the amplitude of the rf 

field was in the range of 0.2 to 0.6 mOe. 
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III. RESULTS 

A. NMR/ON Results for 196Au(~) and 
198Au(~) 

Using the 196Au and 198Au activities produced in the same target by 

deuteron irradiation, nuclear magnetic resonance could be observed simultaneously 

on the oriented 2- ground states of 196Au and 198Au dissolved in nickel. The 

gamma lines used for detecting the resonance were the 412-keV transition in 

198
Hg following the S--decay of 198Au, 

1

and the 356~keV transition in 196Pt 

following the electron-capture decay of 196Au. The intensities of these 

gamma rays observed along the polarizing field as functions of the frequency 

of the rf field are shown in Fig. 2. 

Although the frequency was varied in steps of 1 MHz with a total time 

span between adjacent data points of 4.25 minutes, the resonance curves measured 

for increasing frequencies (Fig. 2, curves a and c) and for decreasing frequencies 

(Fig. 2, curves b and d) are shifted relative to each other and are quite 

asymmetric. This is a consequence of the rather long nuclear spin lattice 

relaxation time, which was determined as T{ = 3 ± l minutes, using a single 

exponential fit.
2 

Because of the asymmetry of the resonance lines the resonance 

frequencies were determined from the averages of the leading edges, yielding 

for 

and for 

l 97Au(Ni): V = 58 .• 3 ± 0.4 MHz 

l98Au(Ni): v = 58.5 ± 0.4 MHz 

A similar resonance curve for 198Au(Ni) was additionally measured with a source 

prepared from the activity obtained in the a-irradiation and used for the 200mAu 

experiment. While the anisotropy of the 412-keV gamma line decreased when 

entering the resonance, no effect was observed within this frequency range 

.. , 

.. 
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th 1 . . . t . f th 200mA on e gamma lnes orlglna lng rom e u decay. The possibility of 

warming-up of the sample by a coil resonance could therefore be ruled out. 

B. NMR/ON Results for 200mAu(~) 

The 8--decay of 
200

mAu is followed by six major gamma transitions of 

energies 181 keV, 256 keV, 368 keV, 498 keV, 580 keV, and 760 keV. The result 

of our nuclear orientation experiments showed that only the 256-keV gamma line 

has positive anisotropy, indicated by increasing.i_ntensity along the polarizing 
" 

field with decreasing temperature. For all the other gamma transitions the 

intensities at e = 0° decreased drasti~ally when the sample was cooled (see 

Fig. 4). 

' 200m ( . ) Therefore, the nuclear magnetic resonance of Au Nl was observed 

by recording the sum of the intensities ~f the 498 keV, 580-keV, and 760-keV 

gamma lines at zero degrees as a function of the frequency of the applied rf 

field. The result is presented in Fig. 3. When the resonance curve was measured 

with increasing or decreasing frequency, no shift of the resonance peak was 

observed. This is in agreement with a short nuclear spin lattice relaxation 

timeT{, which was found to be shorter than 10 sec in the temperature range 

between 4 and 10 mK. A Gaussian line with linear background was least-squares 

fitted to the data points, resulting in the resonance frequency 

v = ~Heff/hi = 97.7 ± 0.2 MHz 

which corresponds to (6.473 ± 0.012)•10-19 erg. No resonance was detected 

with an unmodulated radio frequency field, again ruling out the possibility 

of a coil resonance. 

' \ .......... 
'; 
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c. Temperature Dependence of the Anisotropies of the 200mAu Gamma Lines 

Although the 
200

mAu activity produced by a irradiation was contaminated 

with 196A 196mA 198A 198mA d 199A t· ·t· 1 . u, u, u, u, an u ac 1v1 1es, the gamma 1nes 

200m 
originating from the Au decay were well separated in the gamma-ray 

spectrum. Figure 4 shows the relevant parts of the gamma-ra;y spectra taken . ·-

along the polarizing field when the Au nuclei were oriented at a lattice 

temperature of~ 5 mK (dashed line), and 10 hours later when the Au(Fe) sample 

was at ~ l K (solid line). The temperature dependence of the anisotropy was 

measured for the 256-keV, 368-keV, 498-keV, 580-keV, and 760-keV gamma lines. 

The intensity of the 181-keV gamma lines showed a decay time different from 

200m that of the other grurrma lines of the Au decay. This indicates an underlying 

line of nearly the same energy which could be identified as a transition in 

198A u, 198mA 11 originating from the deca;y of u. 
/ 

The anisotropy of the 368-keV gamma line, measured along the polarizing 

field, is plotted in Fig. 5 versus the reciprocal lattice temperature for samples 

of 200mAu(Fe) and 200mAu(Ni). The solid lines represent least-squares fits of 

the data to the theoretical angular distribution fUnction (Eq. (1) with 

k = 2,4). Since very little is known about the multipolarities of the transitions, 

// . 
the 0 and 90 degree spectra were fitted simultaneously, taking the products U2F2 

and u4F4 , the magnetic hyperfine interaction ~H, and an amplitude factor for 

the 90 degree spectra as free parameters. The latter parameter was included to 

correct for possible intensity differences in the 0 and 90 degree spectra due 

to the background correction. As a test, the fit procedure was also applied to 

the anisotropy curve of the 412 keV gamma l;ine of 
198

Au(Fe). It yielded satis-

factory agreement betwe~n the derived quant)ities and the known values from NMR/ON13 ···'-' 

and No15 studies, as demonstrated in Table I. 
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The 
200

mAu(Ni) data were additionally fitted under the assumption of 

various values for the spin of the isomeric state. The results for ~H are 

given in Table II. While ~H is practically independent of the assumed spin, 

- an agreement with the NMR result is obtained only for a spin of I = 12. This 

is demonstrated in column 3 of Table II, in which the nuclear orientation 

results are compared with the NMR result. Because of the large spin, the 

sensitivity of this method is not as high as it was in the case of 195~t, 

for which the same method was successfully applied to determine the spin of 

the isomeric state. 5 

With the spin established as 12, the anisotropy curves for 200mAu(Ni) 

were fitted once more in order to get more accurate values for the angular 

distribution coefficients UkFk of the gamma lines. Thereby the magnetic 

( 

hyperfine interaction was set equal to the result of the NMR/ON experiment 

and kept constant during the fit. The results are summarized in Table III. 

I 

\ 
·~. 
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IV. DISCUSSION 

A. The Magnetic Hyperfine Field of Gold in Nickel 

The ratio of the magnetic hyperfine structure constants of two nuclear 

levels in the same atomic environment, a
1 

and a
2

, may differ from the ratio 

of the respective nuclear g factors. The hyperfine anomaly16 is defined by 

the relation 

(3) 

Because of their different distributi.ons .. over the finite size of the nucleus 
~- ...-. ..• •tf'' -- "- . 

the spin and orbital parts 
. ~:~~;: . 

of :tz!J;e' nuclear !magnetic moment experience different 
~. ~ 

magnetic fields from the ;contact part of the magnetic hyperfine interaction, 
'~ . 

.' .. J . ~. -

provided that the ato:mi•·(:<- number is large enough for the contact field itself to 
;• 
(. 

' 
vary over/the nuclear volume. Thus the average field sensed by the moment 

, ~. 

depends on the nucleon distribution. If the deviation from the point dipole 

interaction is written in terms of the "single-level anomaly" £, as 
'l 

a = a (l + £) 
0 

I 

then the hyperfine anomaly can be expressed as 

If the induced magnetic hyperfine fields at dilute impurities in 

( 4) 

(5) 

ferromagnetic host lattices, such as Au(Ni), arise entirely from a Fermi contact 

interaction, the hyperfine anomaly determined with such internal fields should 

have the same value as the anomaly determined from the hyperfine structure 

constants of free atoms, measured, e.g., by the atomic beam method. A difference 

.. 
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. 198 
in the anomalies such as th:9-t observed between the ·ground states of Au and 

199 
Au

13 
indicates the ·presence of non-contact contributions to the hyperfine 

\\.' ' . •4.·. 

field, provided tha.t: quad~upole ei~.~2~li~;:ca,h be neglected (see below). If we 
. . .-· .•• r •. ; . . , , , ·.' "'·:: ~: . ·". : ,' . 

derive an effective hyperfine field H~f; fr6mc'the measured interaction by 

dividing the av.~~age interaction llHeff by the magnetic moment, the anomaly 

found in a ferroniagn~tic.host can be expressed as 

= 1 + 1A2 . 
. nost 

(6) 

196 198 
For the ground stat~s of both Au and Au, in which the magnetic moments 

and the hyperfine anomaly have been determined by atomic beam studies,
17 

the 

l96Al98 moments differ by only 0.33 ± 0.26% and the hyperfine anomaly u was 

found to be zero within the limits of error (see Table IV). This result is 

reflected in the practically ~qual resonance frequencies observed in our NMR 

experiment. With the mean value of ll = 0.5897 for the magnetic moment 

( . . t . ) . ' t al t . f' ld f 19 6 ' 19 8A corrected for d~amagne ~s~ we der~ve an ~n ern magne ~c ~e or u 

in nickel of ~f = (-) 260.8 ± 1.3 kOe, after correcting for the external 

pol~izing field• This value of the hyperfine field may be compared with the 

one measured for 
197

.Au in nickel as ~f = -292 ± 6 kOe. (Originally the authors 

t .h . h . t 197A 12 t d. al f R 294 + 4 kO of e sp~n-ec o exper~men on . u quo e a v ue o __ hf = - - e, 

derived by using a moment of ll = 0.1439. In_ order to be consistent we have 

recalculated the field by taking the moment 0 = 0.1435 as it was usedin the 

analysis of the atomic beam results
18 

and correcting it for diamagnetism.) 
.''. ,., 

From the ratio of the fields we can determine a hyperfine 'anomaly for 

the ground states of 197 Au ,and 
198

Au in nickel of 

',·' 
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197~~~ 8 = + (12.0 ± 2.3) % ' 

which is considerably larger than the anomaly for pure contact interaction 

18 
in the free atom 

197~198 = + (8.53 ± 0.08) % 

This discrepancy can be interpreted as indicating the presence of 

both a contact and a non-contact contribution to the hyperfine field for a 

point nucleus, 

Since the anomaly arises from H alone, a relation of the form 
c 

would be expected to apply to the AuNi case. There is not enough information 

to derive unique values of H and H c nc For that purpose we would have to know 

the values of E in one isotope. Making the reasonable assumption that most of 

th 197Al98 d 197Al96 1" • f d" t "b t d 1 t• e u an u anoma 1es ar1se rom 1s r1 u e nuc ear magne 1sm 

. 197A (• h t 197Al96,8 ~ ) R (196,198AuN") the 1n u 1. e. , t a u = e:
197 

, we can use _llf ..2:.. as 

0 
"point nucleus" field Hb.f· Thus 

197~198 

H 
Ni (-260.8 kOe) -367 ± 70 kOe = 197~198 = ' c 
0 

and 

106 
,·,/ ~ 

H = + ± 70 kOe ;f/ nc 

·· ... 
~fiN,, 

... _;- ,:· 'i 

-
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The large size of H , and its sign, confirms earlier expectations c 

that ~f for 5d elements dissolved in ferromagnets arises mainly from the 

Fermi contact interaction. While this is a valuable result, it is certainly 

not unexpected. 

Several other cases of positive values for H have been reported for nc 

5d . •t• . . b lt d . k l 13 ,19- 21 1mpur1 1es 1n 1ron, co a , an n1c e • The data are summarized 

together with the present result in Table V. Mossbauer results obtained with 

the 73-keV gamma transition of 193Ir yielded positive values of H for Fe, Co, nc 

and Ni. 19- 21 Within the large error bars they agree 

198 13 196 198 . 
Au(~) and the present result for ' Au(Nl) 

with the H values for nc 

derived from NMR/ON 

experiments. Obviously, H decreases with decreasing induced hyperfine field nc 

from iron to nickel hosts. 

The H term is of considerable interest, as it probably arises from nc 

the orbital angular momentum of the Au 5d electrons. That ~ should not be 

completely quenched for this case is not surprising, because the 5d
312 

- 5d
512 

free-atom spin-orbit splitting in this region is 1.5 - 2 eV, while the coupling 

strength of the crystal lattice may be taken as ~ 5 eV (the 5d band width in 

metallic gold) or less. Since the gold 5d spins are polarized by the 

ferromagnetic lattice (and in turn contribute to H through spin-exchange c 

polarization of the filled inner s shells), one would expect the ~·s interaction 

to lead to an incomplete quenching of the orbital angular momentum, and the 

expectation value of ~ should be nonzero. The positive sign of H indicates z nc 

that ( ~z ) 
5
d and ( sz ) 

5
d have the same sign (i.e., ~ and s are polarized parallel). 

If this were free atomic gold, in the configuration,5d9 6s
2

, the j-j coupling 

populations would be (5d
312

)
4 

(5d
512

)5 6s
2

, and the unpaired 5d spin; would 
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indeed be parallel to 1. Such a simple picture is not adequate for the gold 

-+ -+ 
atom in a nickel lattice, but this may be the essential reason that ~ and s 

are parallel. It would be premature to interpret the magnitude of H · at this 
ric 

time, since the values are still not accurate enough. However, a hyperfine 

field of order of magnitude 106 Oe is usually associated with one unit of 
·---.. 

orbital angular momentum, so that the H fields reported here correspond nc 

to rather small values of ( ~ ) • 
z 

Stone3 has pointed out that hyperfine anomalies measured by the 

NMR/ON method are subject to ques't4-on because of a possible electric quadrupole 
.. 
" interaction. In fact if ( ~z ) :f O, it is very probably that the mJI, states 

will be unequally populated, giving rise to a field gradient proportional 

2 1 
to < ~z - 3JI,(JI, + 1) ) • Lattice distortions could also contribute to the electric 

field gradient. 

Such effects have been observed up to now only for 193Ir and 191Ir 

impurities in iron and nickel. Wagner et al. 
21 

derived from the hyperfine spectrum 

of the 73-keV gamma rays of 193Ir in Fe and Ni values for the electric quadrupole 

coupling constant P = eqQ/2 = -0.054 ± 0.010 mm/sec for Fe and -0.042 ± 0.006 mm/sec 

for Ni, corresponding to 3.2 ± 0.6 MHz and 2.5 ± 0.4 MHz, respectively. With 

Q = +1.5 ± 0.1 barn for the 3/2 state of 193Ir a negative value for eq is obtained. 
1\ 

In reasonable agreement with the Moss bauer r~sults, Aiga and Itoh 
22 

have recently 

. 191 193 observed satellite lines 1n the NMR spectra of ' Ir in Fe and Ni, with 

separations of IPI = 2.5 MHz and 1.4 MHz for Fe and Ni, respectively. 

Such an electric quadrupole interaction would lead to an asymmetry of 

the NMR/ON spectrum and at very low temperatures, in the limit 1/T -+ ()() 
' 

to a 

shift of the resonance line by ~v = -3/4·P for a spin of I = 2. For a rough max 

estimate of ~v we use the electric field gradient from Aiga's work with the 
max 

,. 
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negative sign, and Q(2-) :::: +0.85 barn for the quadrupole moment of the 2- ground 

states of 
196

Au and 198Au. This value was obtained by assuming that these two 

nuclei have the same intrinsic quadrupole moment as the ground state of 197Au. 

We then get 6:v :::: + 0.6 :MHz for 196 ,198Au(Ni), which cannot explain the 
max 

observed resonance frequency. As indicated by the dashed vertical markers 

in Fig. 2 the resonance frequency expected for pure contact interaction would 

be :::: 2 MHz larger than the experimental ones. In summary, a possible electric 

quadrupole interaction in this case is expected to be too small and of the wrong 

sign to explain the experimental resonance frequencies. However, such quadrupole 

effects must be taken into account in the interpretation of differences in 

hyperfine anomalies in terms of contact and non-contact magnetic hyperfine 

fields. At present, no quantitative distinction can be made between the 

effects, but it seems likely from the above estimate for the maximum quadrupole 

shift that the non-contact part of the magnetic hyperfine fie+d of Au(~) is 

slightly larger than derived above. Obviously, a study of the temperature 

dependence of the resonance spectrum would be desirable. This could lead to a 

direct measurement of the electric quadrupole interaction including its sign, 

and therefore to a separation of both effects on the NMR/ON resonance line. 

B. 200m 
The Magnetic Moment of Au 

As demonstrated in the previous section, quite large differences are 

observed in the hyperfine fields for Au in nickel (and iron) due to the hyper-

fine anomaly. 
16 

Within the framework of the Bohr-Weisskopf theory one can show 

that the main contribution to the anomaly arises from the d
312 

ground state of 

197Au. Therefore it is probably realistic to use the hyperfine field value for 

~8 MOmA ~ Au in the derivation of the magnetic moment of u. 
\ 

li 
l 
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From the measured resonance frequency we can then derive a value for 

the g factor of 

g = ±0.492 ± 0.003 

Together with the determined spin of I = 12, this leads to a magnetic moment 

of 

~ = ±5.90 ± 0.04 nm 

- 196 9 This result is very similar to the moment found for the 12 state of Au, 

th t th t th · · t t . 200A . al t th 12-so a we may assume a e 1somer1c s a e 1n u 1s an ogous o e 

state in 196Au with a [7Th
1112

, vi
1312

J
12

_ shell model configuration. By using 

the hyperfine field value of 198Au we have neglected a possible anomaly 

198 200m 198 200 
~ between the ground state of Au and the 12- state of Au. We 

can get an estimate for the possible correction from the Bohr-Weisskopf theory 

· th d 1 . l96Al97 l97Al98 l97Al99 d l96Al98 (R 17 us1ng e measure anoma 1es u , u , u , an u efs. 

and 18) as a check of its applicability. 

For the odd-odd nuclei the proton and neutron fractions of spin and 

orbital parts of the total moment were calculated using the coupling rule and 

adjusting the spin g factors of proton and neutron to reproduce the measured 

moments. For 196Au the experimental g factor of 197Au, and for 198Au the 

experimental g factor of 199Au were taken for the proton state. F 200mA or u 

we used for the proton state ~(7T1112_) = 6.7 nm as calculated with the spin 

polarization procedure of Arima and Horie.
23 

The calculations are summarized 

in Table IV. The single-level anomalies £ are presented in column 2, calculated 

and measured hyperfine anomalies with respect to 197Au are given in columns 3 

. 198 
and 4, and anomalies with respect to Au appear in columns 5 and 6. As pointed 
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out above, by far the largest single level anomaly is calculated for the ground 

state of 197Au. 

Since the agreement between measured and calculated anomalies is 

t . f t the 1 f l97A200m d l98A200m b t~,. "t sa ~s ac ory, va ues or o an o can e Cl.l\.en as qu~ e 

realistic figures for correcting,the magnetic moment of 200mAu. The corrected 

values of the magnetic moments of the 12- state are given in Table VI. The 

uncorrected values, derived ~ith the field values for 197Au and 198Au, appear 

in column 2, and the anomalies from Table IV are listed in column 3. The 
/ 

corrected values in column 4 were obtained by assuming pure contact interaction, 

while those given in,9blumn 5 include a correction for non-contact parts as 
I_~ ,, 

derived above. Taking the value with the smaller correction, the final result 

is 

~ = 6.10 ± 0.20 nm 

- 200 for the magnetic moment of the 12 state of Au. The quoted error was 

estimated from the largest deviation between measured and calculated hyperfine 

anomalies (see Table IV) including the correction for a non-contact contribution 

to the hyperfine field; the statistical error would be only 0.04 nmo This 

moment is more than 10% larger than the moment of the corresponding 12- state 

in 196Au, which was recently determined by the NO technique as ~ = 5.35 ± 0.20 nm. 9 

The difference may arise from different contributions of the i 1312 neutron 

component. Such an interpretation is suggested by the value of the magnetic 

moment of the i
1312 

state of 195Ft which was found to be more than 0.4 nm 

smaller than the moments of the corresponding states in neighboring mercury 

. t 5 
~so opes. 
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c. 200m 
The Decay Scheme of Au 

In the decay of 
200

mAu the 368-keV and 580-keV gamma transitions 

+ + 
are known to be E2 transitions de-exciting the first 2 and 4 state of 

200 24 . 25 
Hg, respect1vely. From yy and ye- coincidence experiments Ton, et al. 

concluded that the 181-keV, 760-keV, 580-keV gamma lines follow the decay 

of a T112 = 1.07 ns level at 1888-keV excitation energy, while the 498-keV 

transition and perhaps the 256-keV transition precede this level; the relative 

order of the preceding transitions could not be established. Based on analogy 

with lower mass even mercury isotopes, a spin of 6- or 7- was assumed for the 

1.07 ns level in Ref. 25, with the 181-keV transition populating the 4- or 5-

level, respectively, followed by the 760-keV transition to the 4+ state. 

From the gamma-ray anisotropies determined in the present work, some 

. d lt . 1 . t . b . d . th 200Hg d h sp1ns an mu 1po ar1 1es can e ass1gne 1n e ecay sc eme. The 

experimental values for u2F2 and u4F4 are summarized in Table III. They 

clearly indice.te that both the 498-keV and 76o-keV transitions should be of the 

same type as the known 368-keV and 580-keV transitions, namely quadrupole with 

b.I = -2; i.e., Ii = If + 2. -Furthermore, the anisotropy of the 256-keV transi

tion is compatible only with a dipole character with b.I = -1. Taking into 

account the relative gamma intensities of the cascading transitions, the 

256-keV transition should be El and the 498-keV transition E2. 

For the 1.707 MeV level, de-excited by the 760-keV gamma line, a spin 

of 4 or 5, as previously assumed, 
25 

is definitely ruled out by the measured 

anisotropy requiring a spin of 6. It seems likely that this level has positive 

parity and the 760-keV transition hence E2 character. In lower even-mass Hg 

isotopes 6+ states are known to exist between 1.7 and 1.8 MeV excitation energy.
26 
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For the rest of the decgy scheme spin-parity assignments cannot be made 

with certaii,lT,y from our results alone. However) Cunnane, ~ al. 27 have recently 

proposed a decay scheme that the angular distributions in Table III can test 

rather rigorously. 200m -They proposed that Au decays to an 11 state at 

2642 keV in 200Hg. This state would then decay by the cascade 11-, 2642 eV 

(498-eV E2) 9-, 2144 eV (181-eV E2) 7-, 1963 eV. Two parallel cascades would 

de-excite this level to a 4+ level at 947 eV. These are (lll eV, E2) 5-, 

+ 1852 eV (904 eV, El) and (256 eV, El) 6 , 1707 eV (760 eV, E2). 

The proposed decay scheme of Cunnane et al. is consistent in some 

detail with our results. That is, the 498-eV and 760-eV transitions' E2 

multipolarity and spin change ~I = -2 is consistent, as discussed above. In 

our experiment the anisotropy of the 181-keV y ray could not be evaluated 

quantitatively because of the presence of 198mAu activity which has a line 

at 180.3 ev. 10 ' 11 This line has a large negative anisotropy. 11 Taking into 

t th l t . . t . t . . th 19 8mA d 200mA d h accoun e re a 1ve y-ray 1n ens1 1es 1n e u an u ecgy sc emes, 

the large negative anisotropy observed for the sum of the two gamma lines (see 

Fig. 4) establishes that the 181.1-keV gamma transition cannot have pure El 

character. It is, however, consistent with an E2, ~I= -2 transition as 

27 proposed by Cunnane, et al. 

No quantitative evaluation has been carried out for the anisotropy of 

60 the rather weak 904-keV gamma line due to the large Co background; but as one 

can see from an inspection of Fig. 4, this gamma line exhibits a large positive 

anisotropy, in good agreement with the El, ~I = -1 character that the decgy 

scheme of Cunnane, et al. would,require. As indicated above, this decay scheme 

agrees well with the angular distribution of the 256-keV y rgy. 

In summary, our results strongly confirm the decay scheme of Cunnane, ~ al., 

while flatly contradicting that of Ton, et al. Thus we believe that the former is 

correct. 
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Results of the least-squares fit analysis of the 

temperature dependence of the anisotropy of the 

412 .. keV gamma rays of 198Au(Fe) in comparison with 

values in the literature. 

reference 
(10-18 erg) 

u2 u4 

·-----· 
3.50 ... o.o6 0.797 + 0.022 0.26:1. + 0.058 this WOl'k - - -
3.!~3'( + 0.006 0.795 + 0.007 0.347 + 0.030 /:13' 15/ - - -

-----·----

Table II: Summary of fit results for ~H obtained from the 
. t f 200mA ("'J. ) • • an1so ropy curves nr u ~ , assum1ng var1ous 

values for the spin of the isomeric state. 

spin I ~H (~H )NO/ ( uH )N!'·1R 
(10-18 erg) 

11 7.60.:!:_0.30 1. 080+0. 040 

12 7.65_:!:,0.30 0.995.:!:,0.040 

13 7.71_:!:,0.30 0.925.:!:_0.040 '\· 
'\ .. 



Table III: 

gamma line 
(keV) 

256 
498 

760 

580 

368 

Table IV: 

A E 

calc. 

197 10.3 

198 0. It 

196 0.4 

199 4.3 
2oom -1.9 
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Summary of results for the anisotropy coefficients 

u2F2 and u4F 4 of the strongest gamma lines in the 
decay of 200rnAu. 

U2P2 U4F4 

0.253 + 0.012 0.009 .:!:. 0.013 -
-0.342 + 0.015 -0.130 + 0.018 - -
-0.342 + 0.020 -0.126 .:!:. 0.025 -
-0.353 + 0.016 -0.112 + 0.020 - -
-0.323 + 0.010 -0.126 + 0.012 - -

al a2 
Calculated and measured hyperfine anomaLies !::,. 

for different Au isotopes. The calculated single

level anomaiies E are given in column 2 . 

197 !::,.a .198/::,.a 

calc. exp. calc. e·~p. 

-9.0 -7.96t_0.08 

+9.9 +8.53.:!:_0.08 /18/ 

+9.9 +8.72t_0.24 /17/ 0.0 +0.2 +0.3 

+5.8 +3.7 +0.2 /18/ -3.8 -4.5 .:!:.0.3 

+1.2.5 +2.3 

·-

/18/ 

" 

/17/ 

·/18/ 
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Table V: Non-contact hyperfine fields of Au and Ir impurities 
\_ .. 

in Fe, Co, and Ni) derived frum the results of NMR/ON 

and M6ssbauer (M) experiments. 

host probe nucleus H nc method reference 

(kOe) 

Fe 198Au +270:!:.. 70 Nr<1R-On /13/ 
193 +335:!:._200 f\1 /19, 20/ Ir 
193rr +155:!:.. 90 M /21/ 

Co 193rr +:1.49_:!: 80 M /21/ 

Ni 196A 198A +106+ 70 N~1R-ON p!'esent result u, u 
193 Ir + 52_:!: 50 M /21/ 

Table VI: Derivation of the magnetic moment of the 12 state 

f 200A 0 u. 

A lJ 
A

8
200m ~ ~ 

• un~or. 
contact non-cont.act 

. .. 
5.94 6.20 197 5-27.!_0.10 12.5 

198 5.90.:!:_0.04 2.3 6.04 6.10 

;.-
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FIGURE CAPTIONS 

Relevant parts of the demagnetization apparatus with 

source and detector arrangements. 

NMR/ON resonance of 198Au (upper part) and 196Au (lower 

part) in nickel measured for increasing (a and c) and 

decreasing (b and d) frequencies. The solid vertical 

markers indicate the measured line positions, while 

the dashed ones show the line positions if the hyper

fine anomaly fm:- Au in nickel vlere the same as for the 
free Au atom. 

200m . NMR/ON resonance of Au ln nickel, observed via the 

frequ,ency dependence of the summed intensities of the 

498-keV, 580-keV, and 760~keV gamma lines at zero de

gree. The solid line represents the result of a least

squares fit of the data to a Gaussian line with linear 

background. 

Gamma ray spectra of Au isotopes in iron at a lattice 

temperature of 5 mK (dashed line) and at ~ 1 K (solid 

line), taken at 0 degree relative to the external 

polarizing field. 

Temperature dependence of the functional 1-W(O) of the 

368-keV gamma rays of 200mAu(Fe) and 200mAu(Ni). 

... 

., . 
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