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ABSTRACT

Using the decay of]ﬁ.ldeth99 the half-life of the 90-keV state in_
Rﬁ99 has beenlmeasured by observing delayed coincideﬁces for the 354-90 keV
and the 529-90 keV cascades. The fesult tl/2 = (éO.? £ 0.3) ns is very suit-
able for a measuremenﬁ of the ﬂarmor precession in this level by means of the
time;differential angular correlation technique. To overcome the difficult
problem of correcting for paramagnetic shielding fhe g-factor was determined

with the Ru atoms in three magnetically different environments: (1) with a

- llquld source, (2) with Ruw embedded in a copper lattlce, and (3) with Ru dis-

solved in Ni. 1In the last case the product (g - ff) was measured as a fune—.

_ tion of an external polar121ng field, yleldlng both the g- factor and the magnetlc
hyperfine field of Ru in Ni. The method of uSipg cubic metal lattices (case |
(2) ebove) is demonstrated to beva reliable way of measuring g-factors of

Iexcited nuclear séates,‘as there are no interfering perturbation effects due
to time-dependent and/er static quadrupole interactions.. The final result_for
the'g-factor.ie g = 50.189 i.0.00M which gives with.a spiﬁ of.3/2 for the 90—keV‘
level'a_magnetic moﬁent of W = -O.28ﬁ £ 0.006 nm. Paraﬁagneticlshielding in

_ liqﬁid sources of fransifionrelemeﬁts is.discussed; and g factors previously-}

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

The isotope Ru99 has recently been the sﬁbjeét of M8ssbauer s'tﬁdies.vl’2
By using an iron absorber containing 2.3 atomic fercent-of Ru99 Kistner and
_Se'gnan2 were able to observe the hyperfine splittiﬁg from which they obtained
the spin I = 5/2 for thev9O keV level and the ratio of‘the magnetic moments

for the ground and the excited state, ul/uo = +0. h55 .0.010. With a ground

state moment of p -0.63% £ 0.15 mn3 the moment for the 90 keV excited state
, 0

+

is then By = -0.29 £ 0,07 nm. Using this value Kistnér and Segnan deduced a
magngtic hyperfine field of 500 kG at the Ru nucleus in the iron lattice. The

fact that the hHalf-life of the 90 keV state is 20 nsecl’u offers the possibility

of measuring the g-factor of this state with good accuracy by studying the ro-

tation of the angular correlation pa£tern in an external magnetic field. This
is interesting especially because the ground'state moment is not éccurately‘
known while the ratio ul‘/vuo is,2 ‘This nucleus lies in a regioh of.thé periodic
table where nuclear properties are neither thoroughly expldred nor‘wéll under -~
stood( Also, fhe knowledge of this g-factor will permit the determination of
mégnetic hyperfine fields at the nuclei of Ru atomsvembeddéd_in ferromagnetic
lattices. |

In this paper we report measureﬁents 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 nuancesvof magnetic hyperflne structure effects on precession

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

.netic correction which has been mistakenly ignored until now. Preliminary

 results of this investigation have been reported earl_ier.5 During the com@le-

tion of the experimenﬁs we learned about a very recent measurement of the 90
keV state g-factor by Bodéhstedt etaal.6vperforméd with the same technique as

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

the g-factor is in striking disagreement with the results of the M&ssbauer

. measurementégand with our preliminary reported g-factor value,
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- II. SOURCE PREPARATION -

99

The actiVipy-was produced by a (p,n) reaction on Ru’”. Samples of

approximately 10 mg of Ru99 metal powder enriched to 80.9% and 98.8%‘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

7

pamphlet The Radiochemistry of Rhodium. The ruthenium powdér was fused with

‘10 gms Na202 for 30 minutes'at 300o C-in a nickel crucible. The fused mass
was dissolved in aqua regia and the soiution made basic with KOH,. After vol-
atiliziné Ruou by passing Cl2 gas through the mixture and heating tb lOOO C,
the fesidual solution was centrifgged. The Rh carried qUantitatively on the
Ni(OH)2 precipitate. The Rh was then separated from the largeiamount of Ni

by dissolving the precipitate in dilute HNOB’ adding 5‘ﬁg of Fé+__|—+ carriep and
making the solution basic with 14 M NH) OH. The Fe(OH)3 prepipitaté carried
the Rh and the Ni(NH5)6+f remained in solution. Ihe Fe was separated from the
Rh by dissolving.the precipitate in é M HCL and‘passing the ‘solution through a’
small bed of Dowex AGl X 8 anion eXéhange resin, the Fe being held strongly
as a chloride complex, énd the Rh eluting iapidly. . After elution the solutipn
was evaporatéd po dryness and takeﬁ ﬁp iﬁ avféw‘drops of water. The oxidation _
state of the Rh is almqstgcértéinly ;5lqr Rh(IIi). We use the Roman numérai
convéntioh, in accordance with thé usual pradtice‘in ihorganic chemistry, to
:indicate the oxidation state without implying that the‘Ru a@om has.become a
tripositive ion. If there were Rh(IV) present itlwould have remained on the

7 It is unlikely that 1t ié Rh(II) since mo simple com-

7

anion exchange column.

pounds of this oxidation state have been convincingly demonstrated although

several complex compounds, such as [Rh(CO)QCl]2 are well known, but unlikely
to be formed in our chemical procedure. The Rh(III) is most likely to be in

. - -2 8
the form of an octahedral complex of either [RhCl6) 3 or [RhCl5(H20)] .
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For the studies discussed in Sec. VI.B,C we madevmetallic sources by,
dissolving small amounts of the Ru targets in Cu and Ni lattices.. This was
acconplished by melting the host metals in anfargon atmosnhere in tne presence
of the Ru powder. Solutions of less than 1 atomic percent\Ru were thns ob-

tained. These samples were studied with applied polarizing magnetic fields,

9

III. THE ~y-RAY SPECTRUM

The decay of 16 d Rh99 is not very well inwestigated. A detailed decay '
scheme is glven in the Nuclear Data Sheets with reference to a conference re-

99

port.lo However, when studylng the gamma ray Spectrum of the 16 d Rh”” 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 Flg 1 the SPectrum up to
550 keV is shown as recorded with & Ge(Li)-detector. These lines flt'the
lowest levels of the‘decay scheme of Ref. 10 with the energies sligntly modl-
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 alldtransitions‘was

outside the scope of this work.

IV. THE HALF-LIFE MEASUREMENT

1,k

In connection with the M8ssbauer experiments on Ru99 Kistner et al.

reported a half-life of}t / =20 * 1 ns.. for the 90-keV level. ‘Recently, in

1/2

connection with their g-factor investigation, Bodenstedt et‘al;6 redetermined

'the half-1life and obtalned tl/ =‘l9.7'i 0.kh nsu". .We measured this half—life

- by observ1ng delayed coincidences for both the 55h 90 keV and 529 90 keV y-ray

cascades. NaI(T1) crystals mounted onto 56 AVP photomultlpllers were used as

detectors. The anode pulses were shaped by 1imiters and o elipping device,
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giving sqgaré'formed pulses of 250 nsec length. These were fed into a timem
to—height converter‘workihg on thé overlap principle. Tiﬁe calibration was
done with a set of carefully calibrated delay_caﬁles. The overall accuraéy

of the time calibration was:1.5%. Half-life measurements Have been carried

out with both a ligquid source,‘preparéd as described abovg,'and a Ru metal
source. Great care was exercised ﬁo avoid any distérﬁion of the half-iife

by time-dependent angﬁlar correlétion effects.ll ‘This means the detectors

were either moved as close as possible to the'sopfce, éiving a solid ahgle;

of almost 2m for each detector, or'theyvere'placed at an angle of~lhﬁo with

a source-detector distance of about l.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:

t

.1/2-;-(20.7 £ 0.3) ns.

The final error is composed of the statistical error and an.uncertainty of
1.5 in the time calibration. This result is in good agreement with the-
L%yt disagrees with the half-life reported

value reported”by Kistner et al.
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 détermiﬁation there must be a cascade exhibiting an
anisotropic angulér cbrfelation. Leohard and Jha12 reported aﬁgulgr corre-
lation measurements on both fhé 529-90 keV cascade and the 354-90 keV cascade.
With a solid source of Ru metal théy obtained for these cascades the coef-
ficiénts A2 = =0.20 and'Aé = 7Q.O82, respectively. Both values are not cor-

rected for the solid angles of the detectors.
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,..Tovassure~both the sign and the magnitude of the ahiSotropies we re-
peated the angular correlation measurements with a liquid soufce. The anisot-

~ ropies obtained were:

1+

A

-(15 £ 2)% for the 354-90 KeV cascade, -

and A

I+

-(19 :2)% for‘the 529-90 keV cascade.

No soiidfanglé or ‘background correctién'has been gpplied to these values. .The
angular.correlatioﬂ ﬁeasurements berfofmed with NaI(T1) deteétors are not con--
Clusivevenouéh to determine spinAassignmentsAfor thé 90 keV, hhk xeVv ;nd 619
keV levels. As is obvious froﬁ Fig. i the photopeak around BMkaeV detécted
with NaI(Tl) crystals actually consists of 4 different y'rays. This,compbqnd )
peak:in addition rides on a hea&y Comptbn background from both gnnihilatiOn 
radiation and hiéhér energy trénsitions. The situation is similar for the
photopeak at about 520 keV whiph is composed of the 511 keV and the2529 KeV
radiation. As thé fracfiqn’of ﬂhe positron decay feeding the 90 keV lével is
not reliably knoﬁn, it is difficul£ té obtain the true anisotropy from the
measurements. .Oneeﬁay-to obtain the real angular correiatiOn coefficients
would be fo evaluate them frOm the émpliﬁudemﬁ'the Larmor;precession measure-
ment. As there is no other hélf;Iifé known in the decay of R 99, the back-
:ground.makes.only prompt céincidencgs and does nbﬁ inferfere for delay times
largefvthan the‘instruméntal‘time resoluﬁion. Such- an evaluation of the coef-
ficien@s; however, requires the exact unfolding of.the déléy curve with the
prompt éusé. The best way to déterminé the‘anisotropies'of the two cascades
is to ﬁeasure thé angulér correlations with Ge(Li) detectors; This, howevér; R
is a Very'time-consuming procedure beéauée.of'the very low efficieﬁcy of these

" detectors. on thé high energy side. ‘Thﬁs any attempt to interﬁret the angular
correlationvcOefficients, méasurgd with NaI(Tl) detectors, in terms df spins

and multipolarities is unattractive.
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The anisotropies of the photopeaks at 340 keV and 520 keV, however,
may be used fo measure the g-factor of the 90 keV level in Ru99. This was
done by observing the rotation of the angular correlation battérn in an ex-

1
> The

ternal magnetic field in the conventional way,_described.elsewhere,
ﬁé detector was placed at an angle of 1550 with respect to the detector for e
The time -spectrum of the coincidences was measured for a magnetic fleld pointing

upward (C;) and downward (Ci) and the ratio

was formed for each channel number i. For Ay << A2 the ratio Ri can be

13

described by the function
R, = a cos.2(<nL’t,:.L -¢) +ec

where is the Larmor pfecession frequency, EgL = -g * H %E . The four

L

pafameters a, aﬁ/ ¢'and c are obtained from a ieast-squéfes fit Qf ﬁhe ex-
perimeptal data, Ri' Severalvmeasurements with two differenﬁ liquid sourées_
have ﬁeen performed for bofh the 354-90 keV and the 529-90 keV cascaderl The
results'of all runs with liquid sources are éummarizéd in Table Ii. “A typical
set of data forleach cascade obfained with a ligdid soufce is dispiayed_in
Figs. h<and 5. |

Judging from the results of the measurements performed with a.liquid
source there is no doubt left that both caSCades havé the same intermediate
level. Fof the fﬁns.with the copper alloy source we fherefore took the photo-
. peaks at 5ho'keV and at4520 keV togethér in the window of the high energy
channel in order to gain statistical accuracy. The results obtained in this

why with the Ru-Cu alloy source are Listed in Teble III and the experimental
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points together with the corresponding least-squaresvfit for a typical run
are shown in Fig. 6.
The results of 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 IIT the error for the g-factor of each individual run is the

statistical error as obtained from the leaet—squares fit. Correspondingly,

the error of the weighted average is the statistical error only. Tovobtain

the final'total error for the average g-factor we ‘have to add systematie errors
as the.uncertainty of‘the'magnetic field (1%), including its inhonogeniety, ard
the error of the time calibration (1;5%).‘ |

The sign.of the g-faetor can be obtained from-ﬁhe sign of the anisot-

ropyvand the sign.of.the first half-wave of R,15 keening in mind that the
magnetic field direction "upward" and “"dowmward" refers to ‘the detector plane

in which the angle between the v, -detector and the -detector, © = 2250,
g = e V2 0 ,

reads clockwise from.yl_te Yor From Figs. 4, 5 and 6 it can be seen that R

' ' { o ,
starts with Ci - C; < 0, which gives with @O = 225 and a negative anisotropy

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

checked by observing the'rotation-direction of the integral angular correla-

tion in an external magnetic. field.

VI. HYPERFINE STRUCTURE CONSIDERATTIONS

* The directly~measurable quantity in an angular-correlation precession -

experiment is-the rotation frequency of the correlation pattern, Wps which is

simply reléted to.the Larmor precession'freQuency w - For these expefiments'

929

we have Wy = awL. To determine the nuclear g factor it is necessary

to know the effective magnetic field at the nucleus, ﬁ;ff, and to use the
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relat;on ‘ﬁﬂt'z g“NHeff (hére uN is the nuclegr magpeton). In a transition-
series atom a substantial hyperfine structure may be present, modifying the
effect of the external magnetic field ﬁ;. In certain particularly simple cases

including those discussed here, the magnetic hfs may be represented by an in-
ternal magnetic field ﬁ;. Then' we may write
P _,.=F +8 . (1)
o} 1 ‘
" In each specific cése some estimate must be made of the magnitude of
‘the product @ T, where T is -the electronic relaxation time. For Wt << 1

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

where B  is the "paramagnetic correction factor". Here E; is described as

inducing a (colinear) internal field (p-1) ﬁz through polarization of electrons
near the nucleus under study. For cases in which the hfs is a weak effect B
is near unity. Strongly magnetic rare earths may have B's near 10 even at room

99

temperature (and much larger feipw). These measurements on-Ru " constitute
the first example of B { 1. Cases should exist (e.g., negative hyperfine fields
at low temperatures: Fe5+‘at 10° K) for which. B lis zero of negative.

In the limit ¢1T > 1 (case C below) the two fields ﬁ; and ﬁ; simply
add vectorially, though the correlation pattern,'averagéd over an ensemble of

‘nuclei, depends sénsitively on the oriehtatioq of the magnetization M of the

domains (or ions) producing ﬁ; with respect to ﬁ;.9
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A. Measurements on Solutions

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

. _ ) o
‘cal sites in NMR spectroscopyl, and angular correlation precession in paramag-

netic environments, although the latter case is usually treated by the specific
method of a paramagnetic correction.15 In either'technique the observed cor-

relation pattern is characteristic of that expected for a weighted average of

several quantum states.

Until now the "paramagnetic correction" has been formulated only for
the weak crystal field éase of rare-earth ions,l5"and discussions of £. have

been limited to this rather special series. Angularcorrelétiongpreceésion_g-

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

OH16) 1 99(T)  p 99(6) yATT(18) 178(19,20) y180(21)  , 181(15,22) i
W182(25),i0s186(2u); Rel87(25’26}, Osl88(27), all measured in aqueous.solu-
tions; except V51 where a gaseous source was-uéed.; In all Of'these‘casés
paramagnetic corrections were either simply ignoréd ér were émitted on the
basis of incorrect arguments. While in some cases accuracies of aifew.peréeht i
have ‘been claimed for these é-factor measuréments, fhese must, in light of

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

. the paramagnetic effects héve been dealt with either empirically, as discussed

in Section B below fof R.99, or theoretically (én élternative for which there.
ére prééeﬁtly not enouéﬁ data available), the reported g-factors for the abéve
éaseé must be regarded as being in doubt by approiimately 5-10%. This figure
. : ‘ : s o _
is dérivéd.beléw. .Ajcomplete discussibn of paramagnetic,corrections for the‘,
34, 4d, and 54 series elements in aqueous.solﬁtion is'beyond the scope of this

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

relevant to paramagnetic corrections.
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First it_is necessary to know therxidaﬁion state of the daugﬁter atom
during the lifetime of.the nuclear state aftef the (usually beta or electron-
capture) decay of the garent nuclear species; The fates of oxidation sfateé
following nucleaﬁ decay are studied in the discipline of "hot-atom chemistry".

_A'survey of the available data28 makes\us pessimistic about the prospéct of -
reiiébly prédicting the oxidétion states in queétion.' Invbetabdecay fhe Migdal
effectzg’Bq can iéad to higher oxidation states and in electron capture decay
the Auger effeéﬁ plays fhe same role. Higﬁly—éxidized recoiling atomé'can'be
reduced by water to the lowest stable states available to these atomé. JEVi—
‘ dence for £his effect was obtained by Burgus and Kénnedyjl'invstudies of the
'deéay of-Mn5lOuf to Cr5lou2- and Cr5+,-whefein the'latter,tWO species were
obtaihed inAapproximatély equal gbundances."Thus it is incorrect to assume
that énly a pafticular ionic species is'present after decay. TﬁiS«éaée is
rather similar tp'the decay of W;87 in the WOME— ion-to Rel$7; Althpuéh it
is certainly trué thgt WOue-'is diamagnétic,Bg it does not follow that no
paramagpétic effects‘are preseﬁt-ih the daughter Rel87% because this nuclideii
may not be-preéenf_enﬁirely asvperrhenate ion,.ReOufj during Qﬁhe first 10~ v
secondsf Similar arguﬁents can be made for the éther cases mentioned above.
_Thé method of differential angular corre}ations providés a means of
studying the. chemistry of a complex during the‘intermediate stéte. If two
_chemical sﬁecies with substantially different paramagnet;c effects are presgntv
a periodic‘ampiitude modulation shoﬁld appear at the beat frequency of the two
precéssion ratés. If one species:is preseﬁt and is undergoing rapid chemical
change, a single modulation .of the amplitﬁde, accompanied by é change ih fre-
-quency,vwill appear} |

Ruthenium‘can éxist in the seven oxidation states II through VIII, with
0-6 ka electrons.55 Both eiectron-caﬁﬁure and B+vdecay occeur, and we can offer
ne Unessailable argunents to eliminate any of the seven states. Unf@rﬁunately

too few cycles could be observed to decide from the criteria mentioned above.
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- Ve therefore disagree with the assumptlon of Bodenstedt et al. 6 that Ru99 is
present only as.Ru5 after the. decay of Rh99 1n.RhCl65 . The 2+ oxidation
A state 1s more likelyion the basis that it is isOelectronic with the parent,‘iB’51 -
but it isbprobably only one of several species,present. ‘ ' oo-

In those cases for which the oxidation state is known one must next
determine the effect on the electronic state of.thé Variousvinteractions presentf
We discuss this problem‘for‘Ru very briefly below.

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

is. qulte thoroughly worked out for the 4. shellsalL

Under cubic symmetry the
d shell 1s split, in the strong-field case, into a hlgh lying doublet, eg, and

h
a lower trlplet t spaced by 10 Dg = 2 X lO cm l. We need consider only

2g’
t2g' As a three-dimensional representatlon of the octahedral group tgg is
formally equivalent to a p shell. This equivalence may be employed in esti-

mating hfs effects. For Ru(ﬂ)hd6t286, for example, we have a closed shell and

. diamagnetism, while for :mf(v)uaBt,;, a half-filled shell leads to spin para-
magnetism. For brev1ty we .now restrict the dlscu551on to the case for which
we shall make a quantltatlve estimate, Ru(m) hd5 ngl..' |

The strong ligand field of Ru(m) in octahedral coordination tendsvto
'quench'the orbital angular momentum, but spin-orbit coupllng acts to lift this
. quenchlng. The p-shell analogy for th may be extended to strong spln-orblt
.coupllng, where ‘a quartet (analogous to p3/2) and a lower doublet (analogous
to pl/2) are,produced for t —lf These two levels are spaced by . 5/2 E =
1500;2000 cm_l,55 and at room temperature the states are somewhat mixed. Even
if ne should solve the eigenvalue problem for Ru(m) in teg-l‘representation,
it would not be practicable tohestimate the hyperfine structure. effects because
of the unknown .contribution of core polarization..‘Fortunately paraﬁagnetic

resonance data'are available56vfor Ru(NH5)6 015’ from which we may take A =

0.005 em™ as an average value for the hfs parameter in the spin Hamiltonian

>
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-31 AT - S, -with an éffective spin 8 = 1/2 Here: S7= 1/2. arises from the
) teg -1 term rather than . the lowest level of 'a 685/2 term. . Actually the Hamil-
éﬁnian is anisotropic and there are several inequivaient sites for the crystal

in question. For high magnetic fields we may take the Hamiltonian as
W= &M HoSz *AS L, g ST (é)

to terms of order‘A/geuBH, if we take the Z axis élong ﬁ;. 'We may then write

the nuclear spin Hamiltonian as

}%ﬂ =.ASzIz.FHgNMNHoIz"' | (ke)
y s ey I 0 (W)

_taking B= (1-A8; /SN ) ' Now ,we may evaluate s ,» the. average prOJectlon of electron

spin along T s as 5 =g “BH /UxT, assumlng 8= 1/2 Except for the hfs anomaly
the ratio A/gN is 1ndependent of the nuclear state. Thus u51ng A= .005 bm_l

and p=.63m, I=>5/2 for natural ruthenlum,5 together w1th ge = 2.0, we find,

for T = 300° K,

P =B (1%.087) . )

eff o >t

Thus a correction of ~ 9%,'with;unc¢rtéin sign would. be nécessary if Ru99 wére
in the‘Ru{ms state; as assumed-by.Bodenstedt‘et'alt There is ho way at presént
to decide onAa theoretical basis the sign of A and tﬁﬁs_of this correétioh, We
might éxpect‘the above estimate to repfesent an upper limit for theé magnitude -
of the correction because several of-the-other oxidation states, whiéh are

probably also present, are diamagnetic of only weaklylparamagnetic. This

expectation 1s borne out, as diséqssed below.
. "
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B. = Méasurements in a Copper Lattice

The necéssarily approximate ﬁature of the ébove estimate for E is av
result of two formidable difficulties: in a iiQuid source ﬁe caﬁnot determine
theiéﬁidatioh state(s)~of Ru during ﬁhe precession experiment, and too little
is known about hyperfine.structure in kg transitioneseries compounds to allow
a reliable estimate of the relevant hfé constants. At the same tiﬁe the cal-
culation for Rukmj indicatés that errors of the order of lO%’muét be associated
with g—factorvmeaéu;ements‘in the transition series in case the paramagnetiém
cannot be accouhted\for.

Fortﬁnately one maj greatly'diﬁinish ﬁhé'uncertainﬁiés af‘paramagnetism,
for traﬁsitionaseries atoms,iby using‘meﬁéllic éources.. Tﬁe rigid“solid lattice

and the reducing actlion of conduction electrons combine to bring the daughter

‘atom inta chemical equilibrium in‘a very short time (<'<-"ZLO-9 sec) following

decay of the parent. The Pauli principle allows only a fraction ~ kT/EF (EF_

is the energy at the Fermi surface) of conduction eleptrons\to participate

37

in paramagnetism and the paramagnetic corfection is éccordingly reduced‘by

this factor, which has & numerical value of ~lO-2.‘1Thé resulting fractional

shift, (Heff - HO)/HO, of ~].O'LF - J_.O—5 is-the same phenomenon -that is respon-

99

The‘cubic_copper lattice was chosen for this experimeht on'Ru becauée

the target Ru has a hexagonal lattice, which could‘create'quadrupole interac-

tion and complicate the measurement. The results for a.copper‘lattiéé are

' given in Table IIT. The-weighted—averagé resﬁlp,

g =-0.189(2)
includes statistical errors only, and is to be compared with the value..

g = -0.181(2),
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which also indludes'only statistical errors, determined for liquid sources.

The comparison yields an empirical paramagnetic correction

B = o.958(155
'This is the first case for which a B of less than 1 has been found. The
(b2 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 solutlons. We condludé that
cubic metallic sources should be used whenever accuracy. ig sought in g-factor

measurements.

C. Measurements in‘a Nickel Lattice

The magnetic fields induced at impurities in ferromagnetic‘lattices
comprise a subject of considerable theoretical, as well as practical, interest.
No rigorous:. theory dealing specifically with solid-state properties has been

38

develoﬁed to deal with this phenomenon, bt several calculations inyolving
atomic properties have had considerable (though hardly quahtitative) success.
For Ru in ferromagnetié lattices the largest.contributions tb hyperfine fields
probably arise from contact interaction between spin-polarized s electrons
and the nucleus. This interaction caﬁ arise from two séurces, 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
ifon lattice559 indicates that while CP is dominant in the 5d séries {which
was well known), there is good evidence fbf CEP in ‘the 5d series. It is then

of considérable interest to study the L4d series, in which CP and CEP might

compete on a somewhat equal basis. The latter mechanism might be expected to
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beAlarger in Ag, than-in Rﬁ because éf the larger value of @532(0) for atomic
Ag. - On the other hand CP effects induced via an bpen d shel} would favor a . ..
a 1érger.field for Ru. For an Fe host the field at é Ru nucleus is indeed
larger (by 505 kG to,27é kG) than for Ag..59 Our work on Ru in Ni was under-
taken to extend this comparison.  We weré also interested in testing the pos-

sibility that "ghielding" might cause deviations from the relationship
R, =K +8
) i

and in determining £he sign of ﬁ;, which is in our casefthe magﬁetic hyperfine
field or Ru in Ni. |

' Théfresults of #hesé measuréments are shown in Fig. 7, where (g '_Heff)
is plotted against'Ho. ‘The straight line-through the data is valid for a mag-
netically saturated lattice.,. It is obvious from the lepe that the ﬁyperfine_
field is'negétive,_i.e., opposite to‘the external pplérizingrfield. It further
appears from Fig. 7 that there is no deviation of thé data from a straight line
within the experimental errors. We can thérefore conclude that there is no
magnetic shielding ﬁrésent in tﬁe saﬁple which would‘affect‘dur result within

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

lg] = 0.184% * 0.010 end  H = -180 % 10 kG

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

'IHi‘ = 178 *# 8 kG which is obtained from the zero field measurement only,

~using a g—fadtor,of 1g! = 0.189 % 0.00k4 (result'of the copper alloy sourqe)t-

The hyperfine field is about twice as large aé 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 error we obtain the final value
g, = -0.189(k)

for the 907keV state of Ru99. This is in good.aéreement with Kistner and
Segnan's result for gl/go, which, when combined with th¢ rather inaccurate '
ground-state moment, gives g = -0.191(46). The recent result of Bodenstedt
et al.,6 g = +O.261(8); seems ﬁhus:to be wroné in sign.- Our present result
also calls into question their reported magnitude, which is 58% higher than
ours. A large syétematic error in their measurement or ours is indicated. It
seems very unlikely that thé discrepancy can be attributed to paramagnetic
effects in liquid sources for three reasons: (1) The liquid sources used'by
the two groups were ostensibly identiéél 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 eviaence (Sec. VI.B) indicates that B
is less than‘l. |

Our result, combined with Kistner and Segnan's rgtio, givés a ground-

state magnetic moment of

w o= -0.625(19)

99

for Ru””.

Too few date aré as yet available for a comprehensive discussion of
‘the g factor of the 90 keV state in terms of nuclear stfucture; but it is
clear that the simplest:shéil—model picture is not adequate to explain either
the spin or the moment. Kistner2 has suggested core excitation in this nucleus.
If the 90-keV state is a ds/2 quasipgrticle couplgd ﬁo a 2+ phonon’the g fac-

tor is given by '
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&(3/2) = 2/15 g(pn) +13/15 g(5/2) . (6)

. Using g(5/2) = -.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 CAPTIONS

y-ray spectrum of the 16 d'RH99 as recorded with a 1 X 2'cm? Gg(Li)_

detector'of 3. mm thickness. The dashed lines are calibration lines.

99

Lowest part of the Ru decay scheme. The ‘energies have been deter-

mined from the y-spectrum shown_in.Fig. 1.

Half-life measuremeﬁts of the 90 keV level in Ru99. The data shown.

represent run 2 in Table I.
Measurements of the time-pattern of the angular correlation precessing

in an external magnetic field of 41.6 kG using a liquid source. The

354 keV and 90 keV gamma rays were both detected with 1-1/2? X lf

NaI(T1l) crystals at a distance of 6 cm. The data shown represent

~
o-

Measurement of the time-pattern of the angular correlation precessing
in-an external magnetic fiéi@ of U41.6 kG using a liquid source. The
529 keV and 90 keV gamma rays were both detected with l§1/2" x 1"

NaI(Tl),crystals at a distance of 5 cm. The data shown represent run

-

6 in Table II.

Measurement of the time-pattern of the angular correlation precessing
in an,eiternal‘magnetic fiéld of h},5 kG,'using,a Ru-Cu alloy source.
Both the 529-90 keV and the 354-90 kev’cascadé were used together in
this measurement. The (354, 529) keV ana 90 keV gamma rays were de-

tected with 2" x 2" (distance 7 em) and 1-1/2" X 1" (distance 5 cm)

- NaI(T1) crystals.' The data  shown represent run 3 in Table IIT.

Measurement of the g—faétor and the magnetic_hyperfine field of Ru in-

S y ) . . "f‘; . : :
Ni. The sign of the slope‘c%garly’tells that the exterhal magnetic -

- field ié opposite to the hyperfine field. Tﬁé slope?Df-the fitted

line yields the g-factor, presuming that magnetic shielding effects

are negligible.
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:;Table I. Summary of the results of h 1ndependent half- 1f’ measurements. ia!
1 and.2 were done w1th the 35h 90 keV cascade, whlle “for." runs 3 and h the‘529

3”90 keV cascade WaS.- used

Tl/2 S .'3‘AT1/2
statlstlcal error__

nsec

“ Run No.

0 .;07'"\_5 -

e R S 20.59

40{051fﬁj» t¥

0. o8
,'o uo

‘ Weighted average: -
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Table IT. Summary'of the results of all independent g-factor measurements

rerformed with a liquid source. The amplitudes of the cosine-waves :are’.

2%

UCRL-11900

given to emphasize the consistency between the different runs andkno‘conclusions

are drawn from the values of a.

41.6 £ 0.4 xG.

The external magnetic field was in all cases

Run no. Cascade
1 : " 354.90 keV
2’ 1"
5 13
L‘_ 11"
5 "
6 529-90 keV
7’ 3]
8 1"
Weighted

average:

g Ag
statistical
error
-0.185i 0.00k41
-0.1810 0.003h
-0.1775 0.0064
~0.1770 0.005k
-0.1791 . 0.0050
-0.1760 0.0033
-0.1930 0.0055
-0.1859 0.005L .
-0.181 1 0.002

L ran

10.3
10.9
10.5
11.%
11.1
15.7
12.8

13.2

+

=+

1+

H

I+

1+

H+

I+

" Amplitude
(d

%)

0.

1S R o o =N |

oy
L

o
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Table III. Sumnary of the results of all independent g-factor measurements
performed with a Ru-Cu alloy source. The amplitudes of the cosine-waves 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 JAV:A oAy

statistical Amplitude
error (%)
1 - (35%, 529)- -0.191k  © o.o0k1 . 15.k %0.5
90 keV '
2 " -0.1933 . 0.00k41 1.6 0.4
3 " -0.1876 - 0.002k \ 16.0 * 0.3
L : "o ' -0.1862 0.0035 15.2 £ 0.k
Weighted S
average: - -0.189 0.002 .
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Table IV. ‘Results of the g-factor measurements performed w1th

UCRL-11900

529-90 keV

sources
of different magnetlc pr0pert1es -
Source Structure Cascade Magnetic Field g B
dilute acid solu- 354-90 keV _ )
tion, paramag- 529-90 keV 41.6 £ 0.4 k¢ -0.181 * 0.00k -
netic
'Ru embedded in (354, 529)- 90 keV ‘
Cu, Pauli para- ' 41.5 £ 0.h kG -0.189 * 0.00k4
magnetic
Ru dissolved in Ni 354-90 keV :
ferromagnetic - ~ O H. #H -0.18% % 0.010
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Fig, 3
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