
UCRL-11900 

University of California 

Ernest 0. 
Radiation 

lawrence 
laboratory 

g-F ACTOR OF THE 90 keV LEVEL IN Ru 99 

AND THE PARAMAGNETIC CORRECTION 
IN TRANSITION ATOMS 

TWO-WEEK LOAN COPY 

This is a librar!J Circulating Cop!:f 

which ma!J be borrowed for two weeks. 
For a personal retention cop!:f, call 

Tech. Info. Diu is ion, Ext. 5545 



DISCLAIMER 

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



Submitted to PhysG Rev. UCRL~ :11900 

. -~- - - --~~--·~- ~ -·-- ----- - - --- .. 

UNIVERSITY OF CALIFORNIA 

Law1 ence Radiation Laboratory 
Ber·keley, Californ::.a 

AEC Contract No, W-7405-eng-48 

g-FACTOR OF THE 90 keV LEVEL !N Ru 99 AND THE PARAMAGNETIC 
CORRECTION IN TRANSITION ATOMS 

E. Matthias, S~ S~ Rosenblum; and D. A .. Shirley 

January 196 5 



\; . 

.· 

-iii-

g-FACTOR OF THE 90 keV LEVEL IN Ru99 AND TirE PARAMAGNETIC 
CORRECTION IN TRANSITION ATOMS* 

E. Matthias, S. S. RdsenblUlll and D. A. Shirley 

Lawrence Radiation Laboratory 
and Department of Chemistry 
University of California 

Berkeley, California 

January 1965 

ABSTRACT 

UCRL-11900 

Using the decay of l6.ldayRh99 the half-life of the 90-keV state in 

Ru99 has been measured by observing delayed coincidences for the 354-90 keV 

and the 529-90 keV cascades. The result t 1; 2 = (20.7 :t 0.3) ns is very suit

able for a measurement of the Larmor precession in this level by means of the 

time-differential angular correlation technique. To overcome the difficult 

problem of correcting for paramagnetic shielding the g-factor was determined 

with the Ru atoms in three magnetically different environments: (l) with a 

liquid source, (2) with Ru embedded -in: a copper lattice, and (3) with Ru dis-

solved in Ni. In the last case the product (g · Heff) was measured as a func-. 

tion of an external polarizing field, yielding both the g-factor and the magnetic 

hyperfine field of Ru_in Ni. The method of using cubic metal lattices (case 

(2) above) is demonstrated to be a reliable way of measuring g-factors of 

excited nuclear states, as there are no interfering perturbation effects due 

to time-dependent and/or static quadrupole interactions.- The final result for 

the g-factor is g = -0.189 ± 0.004 which gives with a spin of 3/2 for the 90-keV 

level a magnetic moment of i.J. = -0.284 ± 0.006 nm. Paramagnetic shielding in 

liquid sources of transition elements is discussed, and g factors previously 

determined for such sources are shown to be in doubt by 5 to 10 percent. 
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I. INTRODUCTION 

99 . . 1 2 
The isotope Ru has recently been the subject of M8ssbauer studies. ' 

By using an iron absorber containing 2.3 atomic percent of Ru99 Kistner and 

' 2 Segnan were able to observe the hyper fine splitting from which they obtained 

the spin I = 3/2 for the 90 keV level and the ratio of the magnetic moments 

for the ground and the excited state, ~1/~0 = +0.455 ± 0.010. With a ground 

state moment of ~O = -0.63 ± 0.15 mn3 the moment for the 90 keV excited state 

is then ~l = -0.29 ± 0.07 nm. Using this value Kistner and Segnan deduced a 

magne_t1c hyperfine field of 500 kG at the Ru nucleus in the iron lattice. The 

1 4 
fact that the half-life of the 90 keV state is 20 nsec ' offers the possibility 

of measuring the g-fa.'ctor of this state with good accuracy by studying the ro-

tation of the angular correlation pattern in an external. magnetic field. This 

is interesting especially because the ground state moment is hot accurately 

known while the ratio ~l / ~O is. 
2 

This nucieus lies -in a region of the periodic 

table where nuclear propetties are neither thoroughly explored nor.well under-

stood. Also, the knowledge of this g-factor will permit the determination of 

magnetic hyperfine fields at the nuclei of Ru atoms embedded in ferro~gnetic 

lattices. 

In this paper we report measurements of the half-life and g-factor of 

the 90-keV level ·and of the hyperfine field of Ru in Ni. We also discuss in 

some detail the nuances of magnetic hyperfine structure effects on precession 

measurements in transition-series elements, calling attention to a paramag-

.netic correction which has ~~en mistakenly ignored until now. Preliminary 

results of this investigation have b~en re;Orted earlier. 5 During the comple-

tion of the experiments we lear:ped about a very recent measurement of the 90 

6 keV state g-factor by Bodenstedt eb.al. performed with the same technique as 

used in our work. However, both the sign and magnitude of their result for 

the g-factor is in striking disagreement with the results of the M8ssbauer 

measurements2 and with our preliminary reported g-factor value. 5 
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II. SOURCE PREPARATION . 

The activity was produced by a (p,n) reaction on Ru99. Samples of 

approxi~ately 10 mg of Ru99 metal powder enriched to 80.9% and 98.~%-were 

irradiated with 13 MeV protons at the Berkeley 88 '·' cyclotron for about 20 

microampere-hours. The procedure used for dissolving the Ru metal was es-

sentially that used by Gile, Garrison, and Hamilton, as summarized in the 

pamphlet The Radiochemistry of Rhodium. 7 The ruthenium powder was fused with 

0 10 gms Na2o2 for 30 minutes at 300 C in a nickel crucible. The fused mass 

was dissolved in aqua regia and the solution made basic with KOH. After vol
. 0 

atilizing Ruo4 by passing Cl2 gas through the mixture and heating to 100 c, 

the residual solution was centrifuged. The Rh carried quantitatively on the 

Ni(OH)2 precipitate. The Rh was then separated from the large ,amount of Ni 

+++ 
by dissolving the precipitate in dilute HN0

3
, adding 5 mg of Fe carrier and 

making the solution basic with 14 M NH40H. The Fe(OH)
3 

precipitate carried 

++ 
the Rh and the Ni(NH

3
)6 . remained in solution. The Fe was separated from the 

Rh by dissolving the precipitate in 6 M HCl and·passing the 'solution through a 

+++ 
small bed of Dowex AGl x 8 anion exchange resin, the·Fe being held strongly 

as a chloride complex, and the Rh eluting rapidly. After elution the solution 

was evaporated to dryness and taken up in a few drops of water. The oxidation 

state of the Rh is almost .certainly +3 or :Rh(III). We use the Roman numeral 

convention, in accordance with the usual practice in inorganic chemistry, to 

indicate the oxidation state without implying that the Ru atom has become a 

tripositive ion. If there were Rh(IV) present it would have remained on the 

anion exchange col~. 7 It is unlikely that it is Rh(II) since no simple com~ 

pounds of this oxidation state have bee~ convincingly demonstrated7 although 

several c'omplex compounds, such as [Rh( CO )2Cl] 2 are well known, but unlikely 

to be formed in our chemical procedure. The Rh(III) is most likely to be in 

the form of an octahedral complex of either [RhC16J-' or [RhC15(H20)]~ 2 . 8 
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For the studies discussed in Sec. VI.B,C we made metallic pources by 

dissolving small amounts of the Ru· targets in Cu ·and Ni lattices. ·This was 

accomplished by melting the host metals in an argon atmosphere in the presence 

of the Ru powder. Solutions of less than i atomic percent Ru were thus ob-

tained. These samples were studied with applied polar'izi~g magnetic fields, 

and, for the Ni source, with no applied field.9 

III. THE -y-RAY SPECT;RUM 

The decay of .16 d Rh99 is not very well ipvestigated. A detailed decay 

scheme is given in the Nuclear Data Sheets with reference to a conference re

port.10 However, when studying the gamma ray spectrum of the 16 d Rh99 activity 

with Ge(Li) detectors we were not able to .reproduce the decay scheme of Ref. 

10, except for the lowest four excited levels. In Fig. 1 the spectrum up to 

550 keV is shown as recorded with a Ge(Li)-det~ctor. These lines fit the 

lowest levels of the decay scheme of Ref. 10 with the energies slightly modi-

fied (Fig. 2) .. We observed. a large number of· gamma rays in the region be-

tween 600 keV and 2700 keV, but the detailed study of all transitions was 

outside the scope of this work. 

IV. THE HALF-LIFE MEASUREMENT 

In connection with the MClssb~uer experiments o~ Ru99 Kistner et al.
1

'
4 

reported a half -l'ife of t 1; 2 = 20 ± 1 ns .. : for the 90-keV level. Recently, in 

connection with their g-factor investigation', Bodenstedt et al ~ 6 
redetermined 

the half-life and obtained t 1; 2 - 19. T ± 0. 4 ns .. . We measured this half-life 

by observing deiayed coincidences for both the 354-90 keV and 529-90 keV 'Y-ray 

cascades. Nai(Tl) crystals mounted onto 56 AVP photomultipliers were used as 

cietectorEJ. The anode );'JUll!leS were ~ha.ped by limiters and a .clipping d~vice' 
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giving square formed pulses of 250 nsec length. These were fed into a time-. 

to-height converter working on the overlap principle. Time calibration was 

done with a set of carefully calibrated delay cables. The overall accuracy 

of the time calibration was ·l. 'Y/o. Half-life me.asurements have been carried 

out with both a liquid source, prepared a~ described above, and a Ru metal 

source. Great care was exercised to avoid any distortion of the half-life 

. ll 
by time-_dependent angular correlation effects. This means the detectors 

were either moved as close as possibl'e to the ·so;urce, giving a solid angle 

of almost 27T for each detector, or theyv.ere ;placed at an angle of 144° with 
. 

a source-detector distance of about ·1 inch. In Fig. 3 a typical time spectrum 

is shown. A summary of all half-life measurements is given in Table I. As 

a final value we give the weighted average over all individual results: 

The final error is composed of the stat.istical error and an uncertainty of 

1.5% in the time· calibration. This result is in good agreement with the 

value reported by Kistner et al. 1
' 
4 but 'disagrees 'with the half-life reported 

by Bodenstedt et a1. 6 which lies somewhat outside the limits of error of our 

value. 

V. THE g-FACTOR MEASUREMENTS. 

For a g-factor determination there must be a cascade exnibiting an 

anisotropic angular correlation. 
12 

Leonard and Jha reported angular corre~ 

lation measurements on both the 529-90 keV cascade and the 354-90 keV casc8;de. 

With a solid soUrce of Ru metal they obtaine9- for these cascades the coef-

ficients A2 = :..0.20 and· A2 ,;, :-?·082, respectively.. Both values are not cor

reGted for the solid an~les of the detectors. 
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To assure--both the sign and the magnitude of the an:i.sotropies we re

peated the angular correlation_measurements with a liquid source. The anisot-

ropies obtained were: 

and 

A = -(15 ± 2)% for the 354-90 keV cascade, 

A = -(19 ± 2)% for the 529-90 keV cascade. 

No solid' angle or background correction has been applied to these values. The 

angular correlation measurements performed wit~ Nai(Tl) detectors are not con

clusive enough to determine spin assignments for the 90 keV, 444 keV and 619 

keVlevels. As is obvious from Fig. l the photopeak around 340 keV detected 

with Nai(Tl) crystals actually consists of 4 different -y rays. This. compound 

peak in addition rides on a heavy Comp~on background from both annihilation 

radiation and higher energy transitions. _The situation is similar for the 

photopeak at about 520 keV which is composed of the 511 keV and the 529 keV 

radiation. As the fraction of the positron decay feeding the 90 keV level is 

not reliably known, it is difficult to obtain the true anisotropy from the 

measurements. Oner,way to obta-in the real angular correlation coefficients 

would be to evaluate them from the amplitude of the Larmor-precession measure

ment. As there is no other half-life known in the decay of Rh99 , the back-

.ground makes only prompt coincidence_s and does not interfere for delay times 

larger than the instrumental time resolution. Such an evaluation of the coef-

ficients, however, requires the exact unfolding of the delay curve with the 

prompt curve. The best way to determine the anisotropies of the two cascades 

is to measure the angula:r correlations with Ge(Li) detectors. This, however, 

is a very time-consuming procedure because of the very low efficiency of these 

detectors on the high energy side. Thus any'attempt to interpret the angular 

correlatioq coefficients, measured with Nai(Tl) detectors, in terms of spins 

and multipolarities is unattractive. 
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The an~sotropies of the photopeaks at 340 keV and 520 keV, however, 

may be used to measure the g-factor of the 90 keV level in Ru99. This was 

done by observing the rotation of the angular correlation pattern in an ex

ternal magnetic field in the conventional way, described elsewhere.
1

3 Th~ 

~2 detector was placed at an angle·of 135° with respect to the detector for.~1 • 

The time spectrum of the coincidences was measured for a magnetic field pointing 
t ~ . 

upward (C. ) and downward ( C . ) and the ratio 
1 1 

c: . t -c . 
R. 2 . 1 1 

l c: + c: 
l .. 1 

was formed for each channel number 

described by the function
1

3 

L For A4 << A2 the ratio 

where mL is the Larmor precession frequency, 
. 1-LN 

~ = -g , H fi 

R. 
1. 

can be 

The four 

parameters a, mL' ¢ and c are obtained from a least-squares fit of the ex·

perimental data, R .. Several measurements with two different liquid sources 
1 

have been performed for both the 354-90 keV and the 529-90 keV cascade. The 

results of all runs with liquid sources are summarized iri Table II. A typical 

set of data for each cascade obtained with a liquid source is displayed in 

Figs. 4 and 5. 

Judging from the results of the measurements performed with a .. liquid 

source there is no doubt left .that both cascades have the same intermediate 

level. For the runs with the copper alloy source we therefore took the photo-

peaks at 34o --keV and at 520 keV together in -t;;he window of the high energy 

channel in order to gain statistical accuracy. The results obtained in this 

way with the Ru-Cu alloy source are listed in Table III and the experimental 
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points together with the correspqnding least-squares fit for a typical run 

are shown in Fig. 6. 

The results o.f the various runs given in Tables;:II and III are inde-

pendent of each'other in the: sense that each run was completed with its own 

time ·calibration and magnetic field measurement. It should be noted that in 

Tables II and III the. error for the g-factbr of each individual run is the 

statistical error as obtained from the least-squares fit. Correspondingly, 

the error of the weighted average is the statistical error only. To obtain 

the final total error for the average g-factor we ·have to add systematic errors 

as the. uncertainty of the magnetic field '(1%), including its inhomogeniety, ani 

the 'error of the time calibration (1.5%). 

The sign, of the g-factor can be obtained from the sign of the anisot

ropy and the sign of the first half-wave of R, 13 keeping in mind.that the 

magnetic field dire.ction "upward" and "downward" refers to the· detector plane 

in which the angle 'between. the 'Yl-detector and the 'Y2-detector., eo = 225° J 

reads clockwise from -y1 to -y2 . From Figs. 4, 5 and 6 it can be seen that R 

starts with c~ 
~ 

c: < 0, which gives with 8 = 225 and a negative anisotropy 
~ 0 . 

sign (g) = minus. The negative sign of the g-factor has independently been 

checked by observing the rotat.ion direction of the integral angular correla-

tion in an external magnetic field. 

VI. HYPERFINE STRUCTURE CONSIDERATIONS 

The directly -measurable quantity in an angular-correlation precession 

experiment is th~ rotation frequency of the correlation pattern, rnR' which is 

. simply relat~d to·. the Larmor precession frequency ~. For these experiments . 

on Ru99 we have ill = R 2m:L· To determine the nuclear g factor it is necessary 

to know the effective magnetic field at the nucleus, Reff' and to use the 

·' 
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relation -~~ = ·g~~~ff (here ~is the nuclear magneton). In a transition

series atom a substantial hyperfine structure may be present, modifying the · 

' effect of the external magnetic field R . 
0 

In certain particularly simple cases 

including those discussed here, the magnetic hfs may·be represented by an in

ternal magnetic field R .. Then' we may write 
1. 

it +it. 
0 1. 

(1) 

In each specific case some estimate must be made of the magnitude of 

'the product mLT' where T is -the electronic relaxation ·time. For ~T << 1 

(cases A and :B below.), Eq. 1 may be written in the form 

J . (2) 

where 13 is the "paramagnetic correction factor". Here H is described as 
0 

inducing a ( colinear) internal field ( 13-1) H t'hrough polarization of electrons 
0 

near the nucleus under study. For cases in which the hfs is a weak effect 13 

is near unity. Strongly magnetic rare earths may have 13's near 10 even at room 

temperature (and much larger below). These measurements on Ru99 constitute 

the first example of 13 < 1. Cases should exist (e.g., negative hyperfine fields 

at low temperatures: 3+ 0 Fe ·at 10 K) for which. 13 .is zero or negative. 

In the limit ~ T >> 1 (case C below) the two fields H
0 

and Ri simp:Ly 

add vectorially, though the correlation pattern, averaged over an ensemble of 

.nuclei, depends sensitively on the orientation of the magnetization M of the 

domains (or i~ns) producing R with respect to R . 9 
i 0 
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A. Measlirements on Solutions 

There is a formal analogy between "rapid exchange" among several chemi-

14 
cal sites in NME spectroscopy , and angular correlation precession in paramag-

netic environments, although the latter case is usually treated by the specific 

me~hod of a paramagnetic correction. 15 In either technique the observed cor-

relation pattern is char.~cteristic of that expected for a weighted average of 

severa1 quantum states. 

Until now the ·"paramagnetic correction 11 has been formulated only for 

the _weak crystal field case of rare-earth ions, l5 and discussions of t3 have 

been limited to tnis rather special series. Angular c.orrelati.on precession g-

factor measurements have been reported for the d-shell transition-series nuclei 

y51(16), Tc99(17), Ru99(6), Hfl77(18), Hf178(19,~0), Hfl80(2l), Tal81(13,22), 

~~82(23) ·. 0 186(24). R 187(25,26) 0 188(27) 11 ·a . . solu-
w-~ , s , e , s , a measure ~n aqueous. 

tions, except v~1 where a gaseous source was used.· In all of 'these cases 

paramagnetic corrections were either simply ignored or were omitted on the 

basis of incorrect arguments. While in some cases accuracies of a.' few. percent 

have been claimed for these g-factor measurements, these must, in light of· 

arguments presented below, be regarded as expressions of precision only. Until 

the paramagnetic effects have been dealt with either empirically, as discussed 

in Section B betow for R~99, or theoretically (an alternative for which there 

are presently not enough data available), the reported g factors for the above 

cases must be regarded as being in doubt by approximately 5-10%. This figure 

is derived below. A' complete discussion of paramagnetic corrections for tne 

3d, 4d, and 5d series .elements in aqueous solution is ·beyond the scope of this 

paper, but we give below the bare outlines of those considerations that are 

relevant to paramagnetic corrections. 
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First it is necessa'ry to know the oxidation state of the daughter atom 

during the lifetime of the nuclear state after the (usually beta or electron-

capture) decay of the parent nuclear species. The fates of oxidation states 

following nuclea_r decay are studied in the discipline of ''hot-atom ch~mistry". 

A survey of the available data
28 

makes 'us pessimistic about the prospect of· 

reliably predicting the oxidation states in question. In beta decay the Mig~al 

29 30 . 
effect ' can lead to higher oxidation states and in electron capture decay 

.the Auger effect plays the same role. Highly-oxidized recoiling atoms can be 

reduced by water to the lowest stable states available to these atoms. Evi-

dence for this effect was obtained by Burgus and K~nnedy31 . in ·studies of the 

decay 51 - 51 2- 3+ of Mn 0~ to Cr o4 and Cr , wherein the latter .two species were 

obtained in approximately equal abundances.· Thus it is incorrect to assume 

·. . 
that only a particula,r ionic species is present after decay. This- case is 

-~87 . 2- . 187' 
rather similar to the decay of w ln th~ wo4 lOn to Re . . Although it 

is certainly true th~t wo4
2-· is diamagnetic, 32 it does not follow that no 

paramagnetic effects are present -in the daughter Re187, because this nuclide 

- -6 may not be present entirely as perrhenate ion, Reo4 ; during .,the first 10 

seconds. Similar arguments can be made for the other cases mentioned above. 

The method of differential angular correlations provides a means of 

studying the. chemistry of a complex during the ~ntermediate state. If two 

chemical species with substantially different paramagnetic effects are present 

a periodic _amplitude modulation should appear at the beat frequency of the two 

precession rates. If one species.is present and is undergoing rapid chemical 

change, a single modulatd.on.of the amplitude, accompanied by a change in fre-

quency, . ·Will appear. 

Ruthenium can exist in the seven oxidation states II through VIII, vnth 

0-6 4d electrons.33 + Both electron-capture and f3 decay occur, and we can offer 

no una~s~il~ble ar~uments to elimin~t® any of the s~v~n ~tat~~. Unfortunat~~Y 

too few cycles could be observed to'decide from the criteria mentioned above. 
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vle therefore disagree with the assumption of Bodenstedt et al. 
6 

that Ru99 is 

present only as .Ru3+ after the decay of Rh99 in RhC163- The 2+ oxidation 

28 31 state is more likely on the gasis that it is isoelectronic with the parent, . ' 
e 

but it is probably only one of several species.present. 
) 

In those .cases for which the oxidation state is known one must next 

determ.ine the effect on the electronic state of the various interactions present. 

We discuss this problem for Ru very briefly below. 

The exact approach would be to make use of the ligand field theory which 

is quite thoroughly_ .worked but :for the d , shells. 34 Under cubic syrillnetry the 

d shell is split, in the strong-field ca?e, into a high-lying doublet, ·e , and 
. g 

a lower triplet, t 2g' spaced by 10 Dq 2:0 2 X 
4 -1 10 em We need consider only 

t 2g. As a three-dimensional representation of the octahedral group t 2g is 

formally equivalent to a p shell. This equivalence may be employed iri esti-
·. . .. 6 6 
For Ru(n) 4d t 2 , for example, we have a closed shell and 

. g 
mating hfs effects. 

. diamagnetism, while for :Ru:(Y)4d3t2g3, a haif-filled shell leads to spin para.., 

magnetism. For brevity we.now restrict the discussion to the case for which 

we shall make a quantitative. estimate, Ru~mf 4d\:2g-l' 

The strong ligand field of Ru(iTI) in octahedral coordination tends. to 

quench the orbital angular momentum, but spin-orbit coupling acts to· lift this 

quenching. The p-shell analogy for t 2 may be extended to strong spin-orbit g .. 

. coupling, where a quartet (analogous to p
3

; 2 ) and a lower doublet (analogous 

-1 I to P1;2 ) are produced for t 2g These two levels are spaced by ." 3 2 ~ 2:0 

1500~2000 cm-l,35 and at room temperature the states are somewhat mixed. Even 

if we should solve the eigenvalue problem for Ru(m) in t 2g -l representation, 

it would not be practicable to _estimate the hyperfine structure. effects because 

of the unknown contribution of core polarization. Fortunately paramagnetic 

resonance data are available3
6 

for Ru( NH
3

) 6 Cl3' from which we may take A 2:0 · ·• 
. . 

0.005 Gm-1 as an average value for the hfs ;para.meter in the spin Ha.'1liltonian 
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J:!.= AI ·· S, with an effective spinS= 1/2. HereS~= l/2 ariSes from the 

t 2g_:-i term. rather than .the lowest lev,el of· a 6s
512 

term. . Actually the Hamil

~ian is anisotrop'ic and there are several inequivalent sites for the crystal 

in question. For· high magnetic fields we may take the Hamiltonian as 

g ~ .H S +AS .I - g ~--HI e B o z z z · N ~-o z (3) 

to terms of order _A/ge~BH' if we take the z axis along H . 
0 

We may then write 

the nuclear spin Hamiltonian as 

'
:UN = AS I ..;. ·g 1-l..H I 

.Z z N' l~ 0 z ( 4a) 

= .- : gN' 1-l.. -: ~-. ~o I 
'l~ ' z, . ( 4b) 

taking ~=(1-A~/gN~N~d?. · Now .we may evaluate Sz' the _average projection of electron 

spin along if, as S .= g ii....H /4kT, assi.lining S .= J:./2. o z e· jj. o . 

the ratio A/~ is independent·of the nuclear state. 

Except for the hfs anomaly 

. -1 
Thus using A = .005 em 

and~= _.63 nm, I = 5/2 for natural ruthenium, 3 together with .g - 2.0, we find, 
e 

0 
for T = 300 K, 

= li · (1 
0 ,. .. 

( 5) 

Thus a correction of ~ 9%, with. uncertain sign would. be necessary if Ru99 were 

6 
i'n the Ru'(IJJ) state, as assumed by Bodenstedt et al._ There is no way at present 

to decide on a theoretical basis the sign of A and thus. of this correction. We 

might expect the above estimate to represent an upper limit for th~ magnitude· 

of the correction because several of the other oxidation states, which are 
\. 

probably also present, are diamagnetic or only weakly paramagnetic. This 

expectatien is berne eut, as d.iscqssed below . 
.. l 



-13- UCRL-11900 

B. Measurements in a Copper Lattice 

The necessarily approximate nature of-the above estimate for r:> .is a 

result of two formidable difficulties: in a liquid source we cannot determine 

the .oxidation state(s) ·of Ru during the precession experiment) and too little 

is known about hyperfine-structure in 4d transition-series c::ompounds to allow 

a reliable estimate of tbe relevant hfs constants. At the same time the cal-

culation for Ru(m) indicates that errors of the order of 10% mu~t be associated 

with g-factor measurements in the transition series in case the paramagnetism 

cannot be accounted ~or. 

Fortunately one may greatly diminish the uncertainties of paramagnetism. 

for transition ... series atoms) _by using metallic sources. The rigid solid latt~ce 

and the reducing action of conduction electrons_ c~mbine to bring the daughter 

atom into. ch~mical equilibrium in.·a very sho'rt.time (~<lo-9 -sec) following 

decay of the parent. The Pauli principle allows oniy a fraction ~- kT/EF {EF .. 

is the energy at the Fermi surface) of conduction ele:ctrons. to participate 

in paramagnetism37 and the_paramagnetic correction is accordingly reduced by 

. . -2 . 
this factor) which has a numerical value of ~10 T_he resulting fractional 

( )/ -4 -3 shift) Heff- H
0 

H
0

) of ~10 - 10 is.the-same phenomenon·that is respon-

·sible for .the Knight shift for NMR in metals. 

The cubic copper lattice _was chosen for this experime~t on Ru99 because 

the target Ru has a hexagonal-lattice) which could create quadrupole interac-

tion and complicate the measurement. The results fo'r a copper·lattice are 

given in Table III. The weighted-average result 

g -0.189(2) 

includes statistical errors only) and is to .be compared with the value. 
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which also inc'ludes only statistical errors, determined for liquid sources. 

The comparison ytelds an empirical paramagnetic .correction 

t3 0.958(15) 

This is the first case for which a t3 of less than l has been found. The 

(L~.2 ± 1.5)% correction agrees well with the estimates made in Section VI.A. 

This experiment demonstrates the feasibility of precession-correlation meas-

urements in a cubic metallic lattice and at the same time indicates the exis-

tence of a substantial paramagnetic effect in solutions. We conc.lude that . . 

cubic metallic sources should be used whenever ~ccuracy is sought in g-factor 

measurements. 

C. Measurements in a Nickel Lattice 

The magnetic fields induced at impurities in ferromagnetic lattices 

comprise a subject of considerabl!= theoretical, as well as practical, interest. 

No rigorous:. theory dealing specifically with solid-state properties has been 

developed to deal with this phenomenon, but several c·alculations38 involving 

atomic properties have had considerable (though hardly quantitative) success. 

For Ru in ferromagnetic lattices the largest contributions to hyperfine fields 

probably arise from contact interaction between spin-polarized s electrons 

and the nucleus. This interaction can arise from two sources, core polarization 

of the closed s atomic shells of Ru(CP), or polarization of 5s conduction elec-

trons of Ru(CEP). A recent survey of all available data on induced fields in 

iron lattices39 indicates that while CP is dominant in the 3d series (which 

was well known), there is good evidence for CEP in<the 5d series. It is then 

of considerable interest to study the 4d series, in which CP and CEP might 

compete on a somewhat equal basis. The latter mechanism might be expected to 
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. . 2 
be larger in Ag, than· in Ru because of the large'r value of 7f;

5
s ( 0) for atomic 

Ag. · On the other hand CP effects induced ·via an open d shell would favor a 

a larger field for Ru. For an Fe host the field at a Ru nucleus is indeed 

larger (by 505 kG to. 272 kG) than for Ag. 39 Our work on Ru in Ni was under-

taken to extend this comparison. We were also interested in testing the pos-

sibility that "shielding" might cause deviations from the relationship 

H ff = H +H. e o 1 

and in determining the sign of H., which is in our case the magnetic hyperfine 
1 

field or Ru in Ni. 

The results of these measurements are shown in Fig. 7, where (g 

is plotted against ·n . The straight line through the data is valid for a mag
o 

netically saturated lattice. It is obvious from the slope that the hyperfine 

field is negative, i.e., opposite to the external polarizing field. It further 

appears from Fig. 7 that there is no deviation of the data from a straight line 

within the experimental errors. We can therefore conclude that there is no 

magnetic shielding present in the sample which would affect·our :r:esult within 

the limits of the accuracy given. The result of the least-squares fit is 

o. i84 ± 0.010 and H. = -180 ± 10 kG 
1 

This value for the magnetic hyperfine field is consistent with the result 

. !Hi I = 178 ± 8 kG which is obtained from 'the zero field measurement only, 

using a g-factor of lgl = 0.189 ± o.oo4 (result of the copper alloy source). 

The hyperfine field is about twice as large as the value -84(5) kG reported 

for Ag in Ni, thus supporting the CP mechanism for this case. 
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VII. THE g FACTOR: DISCUSSION 

Taking into account all sources of er~or we obtain the final value 

gl = -0.189(4) 

for the 90-keV state of Ru99. This is in good agreement with Kistner and 

Segnan's result for g1jg0, which, when combined with the rather inaccurate 

ground-state moment, gives g1 = -0.191(46). The recent result of Bodenstedt 

6 
et al., g

1 
= +0.261(8), seems thus to be wrong in sign.- Our present result 

also calls into question their reported magnitude, which is 38% higher than 

ours. A large systematic error in their measurement or ours is indicated. It 

seems very unlikely that the discrepancy can be attributed to paramagnetic 

effects in liquid sources for three reasons: (1) The liquid sources used by 

the two groups were ostensibly identical chemically, (2) A paramagnetic effect 

of 38% is very much out of line with the theoretical .estimates mentioned in 

Section VI.A, and (3) The available evidence (Sec. VI.B) indicates that ~ 

is less than l. 

Our result, combined with Kistner and Segnan's ratio, gives a ground-

state magnetic moment of 

~ = -0.623(19) 

for Ru99 . 

Too few data are as yet available for a comprehensive discussion of 

·the g factor of· the 90 keV state in terms of nuclear structure, but it is 

clear that the simplest shell-model picture is not adequate to explain either 

the spin or the moment. Kistner
2 

has suggested core excitation in this nucleus. 

If the 90-keV state is a d
5
/ 2 quasiparticle coupled to a 2+ phonon the g fac

tor is given by 
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g(3/2) 2/15 g(ph) + 13/15 g(5/2) (6) 

Using g(5/?) ~ -.25 (from the ground-state moment) Eq,. 7 can'be brought into 

agreement with experiment for g(ph) = 0.21. 
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· FIGURE CAPTI.ONS 

Fig. 1. Y-ray spectrum of the 16 d · Rh99 as recorded with a .l X 2. cm2 G~ ( Li)-

detector of 3 mm thiclcness. The dashed lines are calibration lines. 

Fig. 2. Lowest part of the Ru99 decay scheme. The ·energies have been deter-

mined from the ~-spectrum shown in Fig. 1. 

Fig. 3. Half-life measurements of the 90 keV level in Ru99 . The data shown. 

represent run 2 in Table I. 

Fig. 4. Measurements of the time-pattern of the angular correlation precessing 

in an external magnetic field of l~l. 6 kG using a liquid source. The 

354 keV and 90 keV gamma rays were both detected with l-l/2" X l'' 

·Nai(Tl) crystals at a distance of 6 em. The data shown represent 

· run 2 in Table II. 

Fig. 5. Measurement of the time-pattern of the. angular correlation precessing 

in an external magnetic .fiel~ of 41.6 kG using a liqUid source. The 

529 keV and 90 keV gamma rays were both detected with l-l/2" X l" 

Nai(Tl) crystals at a distance of 5 em. The data shown represent run 

6 in Table II. 

Fig. 6. Measurement of the time-pattern of the angular correlation precessing 
. ' 

in an .external magnetic field of 41.5 kG, using a Ru-Cu alloy source. 

Both the 529-90 keV and the 354-90 keV cascade were used together in 

this measurement. The (354, 529) keV and 90 keV gamma rays were de

tected with 2" X 2" (distance 7 em) and ·l-l/2"x l" (distance 5 em) 

Nai(Tl) crystals. The data· shown represent run 3 in Table III. 

Fig. 7. Measurement of the g-factor and the magnetic hyperfine field of Ru in 
,;.,. . ·. ·' . . r. 

Ni. The sign of the slope. c~~arly tells that the external magnetic 
. I. ' . ;.\ , ... 

· field is opposite to the hyperfine ·field. The slopei/pf the fitted 

line yields the g-factor, presumingthat magnetic shielding effects 

are negligible. 
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Table II. Summary of the results of all independent g-factor measurements 
performed with a liquid source. The amplitudes of the cosine-waves :are· 
given to emphasize the consistency between the different runs and, \no' conclusions 
are drawn from the values of a. The external magnetic field was in all cases 
41. 6 ± 0 . 4 kG. . 

Run no. Cascade g t:,g Ta: . \ 

statistical Amplitude_ 
error (%) 

1 354-90 keV -0.1851 0.0041 10.3 ± 0.5 

2 " -0.1810 0.0034 10.9 ± 0.4. 

3 " -0.1775 o.oo64 10.5 ± o.6 

4 " -0.1770 0.0054 11.3 ± 0.6 

5 " -0.1791 0.0050 11.1 ± 0.6 

6 529-90 keV -0.1766 0.0033 13-7 ± 0.5 

7 " -0.1930 0.0055 12.8 ± o.6 

8 " -0.1859 0.0051 13.2 ± o.6 

Weighted 
average: -0.181 0.002 

(-.., 
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Table III. Summary of the results of all independent g-factor measurements 
performed with a Ru-Cu alloy source. The amplitudes of the cosine-~aves are 
given to emphasize the consistency between the different runs and no conclu
sions are drawn from the values of a. The external magnetic field was in all 
cases 41.5 ± 0. 4 kG. 

Run no. Cascade g 6.g . a.· 
statistical Amplitude 

error (%) 

l (354, 529)- -0.1914 0.0041 15.4 ± 0.5 
90 keV 

2 II -0.1933 0.0041 14.6 ± 0.4. 

.3 II -0.1876 0.0024 16.0 ± 0.3 

4 II -0.1862 0.0035 15.2 ± o. 4 

Weighted 
average.:_ -0.189 0.002. 

.) 
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Table IV. Results of th~ g-factor measurements performed with sources 
of different magnetic properties'. 

Source Structure Cascade Magnetic Field g • (3 

dilute acid solu- 354-90 keV 
tion, paramag- 529-90 keV 41.6 ± 0. 4 kG -o.181 ± o. oo4·: 
netic 

· Ru embedded in (354, 529)- 90 keV 
Cu, Pauli para- 41.5 ± 0.4 kG -0.189 ± o.oo4 
magnetic 

Ru dissolved in Ni 354-90 keV 
ferromagnetic· 529-90 keV ' It . It . 

\ .. ·. + .. · 
: .. Q ~· 

-0.184 ± 0.010 
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