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THE HEAVY ELEMENTS
TL Intrééuction

/  fhe elémgnts'beyond tﬁe rare earths prévide 8 m9$t fr@itful:ar;a'fgr:f,
application of MBsgﬁauer‘spectroscopy:\:Nuclear eﬁe?gyTlevéls ténd,.dn.the'
. average, té be more d}oéely spaced in heavy.elements, making fhévrecoii:energy
ER-=1EW?/2Mc2 smail énouéh that at least ih of the 23 elements in“the intéfvalv
71‘§ Z;<%95 possess isotopes witﬁ MBssbauer resonanges thgt.appear to ﬁgAwithin"
" reach of-prese#t—day te#hniques. With tﬁg éxceptions of mercury gnd iead the
| lattices of thgse'élements are sufficienﬁly sfiff té.provide.reaéo;ably.large.
‘fééoilffree f?actions, though ;n most éases'low teﬁperatures are.rgéu;red,

The high density of 6s electrons at the nuclqus:and'the 1afge electric field.
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.. .II. HEAVY ELEMENT SPECTRA AND THE SPIN HAMILTONIAN
AL Formulation -

Sy T

- iThe spin-hémiltonian formalism providesfthevmost.convenient framéwork;:

fbr disdqssidn of Mﬁssbauér:spectra-of chemical compounds. In the past;fseveral
_experimental"faqtors_(high concentrations of resonant atoms, fast relaxétion,.

‘etc.) often combined to simplify spectra considerably. Increasingly'SOPhisti;l

;o

cated experimehts, eSpécially,those involving large mdlecules"and/or low tem--

R VR S Ve

'Aperaturés,'ﬁ;i} require fo§ théif intefpretétion a méré detailed’undéfé?anding_
.Ofutﬁe'physicg} Qrigins of variOus spectralifeatures. .This is §specig}l&‘true_ .
k for heavy eléments,:fof which thére.are relatively few guideposts in‘termsiéf

' éhemiéal sysfematics, and for Yhiéh low ﬁempératufes are often @andéﬁpry.  ?héﬂ
 iprogéss-of ektréct;né'Spin-hamiltoﬁiagaparaméﬁersuf%Omfspectré iéﬂ@iéd&gsgd.v-}7

-briefly below. Thislpnocedure_is oftén'complex,'buﬁ itﬁisiat lea§t well{under_.‘

stood. ‘The chemical signifiqance bf:each:paramétef is‘thenidiééuSSéd, The - .-

ways in which the chemical interpretations may be mddifiéd'by relativistic . -

effects is mentioned, but not discussed extehéively.l

.
'
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Resonant absorption or scattering invoives two nuclear states. ‘Each .

state interacts, via its eléctric mOnonle, maghetic dipole, and electric qﬁéd-vf

~

%%

'rupole moments, with extranuclear fields in a manner describablé by a hamiltonian
. involving many Cbordinates.v Even if we regard the nucleus as avrigid body we

still have a computational problem that is beyond the ability of present-day

o thébry, and apprbximationé'must be made in order to proceed. A very useful ,.

procedure consists in separating the prpblem into angular variables;'described

by angular momentum operators, and "radial" variables that are in practice

‘treated 'as semiempirical constants.' This prdcedure is termed the "spinlhamil_
"o Lo (L,2) L , . | ' e -

tonian” formalism. f It has been'emlnently successful for interpreting .

hyperfine structure spectra in solids. 1In this-formalism there is an,angular

momentum S°, called the effective spin, associated with the eléctronic’coore
dinates. - For free ions, or for ionmic lattices in Which cfystalline-field
effects are very7WEak,(§) S’ is_jpst‘the total angular momentum J. For

: most.heayy atoms accessible to'Massbauer spectroScopy,'howeVer?‘the degeneraé&
associated with J is‘(partiaily or ‘totally) removed through"interaction‘with‘

_the!ligands,(usually_via covalent bonds), and the groundzelectrbnic_state is

most often a singlet or doublet. The quantum-mechanical description of this -

)

&

i
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‘feigénstaﬁe as a lineachombination'of Easi$ éﬁéﬁes-inNIJ;Mj),or}1L,S)'répré- e

sentation may be Veryfcompliéated. If'the'(effective)iélectronic spin gt

N

and nuclear spin I are truly separable, however,' '/ transition selection

rules may beﬂappliéd,without exact knowledge of the expansion .of the electrdhic5' :”'

[

‘eigenstate in any basis (i;e.,' S may be treated.as the -fundamental eleétronic.-

anéularémomentum variablé). Thus for most purposes we may;define‘ S' by

. . ., . ) ] " . . - )
setting5(28’+1) equal to the electronic degeneracy of the lowest electronic

1

(crystal-field) state. The spin hamiltonian for this state is then written:

= - o e + + -+ R + - + ;
Ho=® -pleS+AST +AST +AST «P([1; ) R{E2o0) R
o

+.n(1§,-I§,)? + gNﬁNE%i*+ (crystal-?ielg terms ipvblVing S buﬁ.éét I).

The first term, Ei, gives the céntroid_shift for the ith nuclear state

(ﬁl-EO is the isomer shift for the first excited state. ‘We omit the super-

script i' on‘Ax, Ix’ etc., for clarity). Here B and BN are the‘BoHrfand :

hucle&r*magnetonsa g 1s the electronic g'tensor; gy is‘the,nuélear g factor,

. . .- . : : R
i . . .

H 1is the apﬁlied magnetic fiéld,f'i is the nuclear spin, Ax’ Ay, and A;'afe

" the principle values of the ﬁagnetic hyperfine structurektensor inrthe Xyz
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"cqopdinéﬁe system,. P is,the'quadrubéle cpﬁpling pafdﬁé%éffgiVen-byf“ '"ffﬁff—'}A".;

P

- .2 "y ‘.: . S P R S
- (3¢79q)/{21(21-2)], and n. is the quadrupole asymmetry parameter. Note: = . . ¥
~ that theEquadrupole fensbr is takeh in thg x'y'd’ coordinaﬁé;éyéfém;‘Wﬁicﬁ"?»',; ﬂ ;f_

1 may;br ﬁay hoﬁ be 'simply related to- the xyz‘ syétem.(i.e.; the'princible;_ fﬁg-'- ”
- axes of ( A :ahd-'P~nmayfor may not be parallel).’ The_cfysfai_fiéld férms £féL;;;j{f7;
N ;nqﬁ wfitten,explicitly;bécause'they éan.be ignorédfif“:s é<l/2 or'O,-as is 1JJ;:"
- expected: for heavy elements. - R
.. Wnile ¥ in its most general form is rather forbidding, in practice. '

éevgraljﬁerms almost alwayé vanish@ lééVing.a‘tractable'ekpression;;-Stillgbﬁép
:mBY expedt'inimany;éaseS-to have to diégoﬁaiizéia small energy mﬁtfix.: of
cours¢ a1lfthé simpielgﬁeétra observed to date can be éypléinéd by limiﬁingn. '
forms dfnlﬂs.; Examples of simple applications to héavy elements are given ' RS
below.. ..
. : c o | T ey B SRRULI
1. Au(CN),. This linear ion is expected to have a:. ~Z electronic . - .
S T SO TR
. assignment: thus S = O.. For zero applied field :ﬂs reduces to -

g+ P(Liz? - (1/3) 1(1%1)] + q(Ii,-ii;)}y“For;the linear»iog-itself 2

'ﬁﬁy be tgkep_glong the symmet:y’axislvand( ﬁ-= 0 (of course neighboringfidps’-
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- may contgibute'to the electfic figld gradient to‘give_é'finite 7). In the

1/2(M1)3/2 transition in 207 two lines_are expécted; _Thefspéctfum,for K

: R‘.’-Au(CN)2 is shown in Figure 1.

. -2 Lo ' : ' .
2. [Np02] . This linear ion has been studied by paramagnetic reso-

nance in a U0, Rb(NO,), lattice. () Here H_ was found to be cylindrically .

s .

symmetrlgal arqund the ion1§.axis,‘hav1§g the for@.AZSZIZ * AL(SXIx Sny)_

+ P[Ii -'(1/5)‘I(I+l)] in:zero field, with S = 1/2.  M8ésbauer’experiments“'

[l '

2 o (6 | o
on Np 51 in Np02 have yielded complex spectra,( ) possibly broadened by re-

, ; | L d . o
laxation at 4.2°K, but no detailed analysis is yet available. The [Np02]2 '

ion is an example for which although the principle axes ofvthe A and P .

_tensors are idénticai, it is still not.possiblevtb descfibe'spectra in terms

- of a hyperfine field plus qﬁadrupole‘cpupling, because of bff-diagonal terms

érising from Al.'

3. [IrClé]-g.- Paramagnetic résohance experiments(T)

have ylelded an anisotropic'magnetic'hyperfine structure tensor with S = 1/2.

This is understood by noting that Ir(IV), with the configuration Sd?, is the

-

analogue of low-spin ferric iron. ‘The strdng spin-orbit coupling in this

on this complex :.

£ )
I \w'i‘ )

CRY XN
=2
k. Ned/

b
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heavyAelement'téhds to lif;:séme.of the quenching of orbital angular momentum, * .

O TR et 1225 R

: h0w¢ver; and'the‘eleétgonic g-factors are somewhéi];gmpved;frbm:ﬁhe "spin'bhly":J';'

.Qalﬁe of 2,00, . Paramagnetic hyperfine-structhre haémndt'yét_béen obserVed:in, EIMRT

i

‘M85sbauer Spectra,'butfit-should;béxpreéenx‘atﬂiowuﬁemberétgres;ngua@rgleé b3
splitting is expected to be small in this nominally octahedral complex.

g b B. - ‘Application of the Spin Hamiltonian

[

" The application of H s quite Eftraighfc:orward.(a) The first ktep is

io;évaluété thé non-zéro matrix,elements_oflﬂé in |SISZI£)_representation;' ,

" form the (28+1)(21+1)-row (sngre);energy'matpfx and ‘diagonalize it. 'Havidg

" obtained 'the éigepvélues and eigenveqtbfsiof ground and.excited.states,'oné

must next‘evalﬁaﬁe'the‘intensitiés'qnd'bolarizaﬁiéné df:thé vafidus_cbmpbneﬁts,g-f

by standard methods'of-éngulaf ﬁomentum'theofy.(9) The actual aﬁalyéis of a

- spectrum is most copvéniently done. in two,quite distinét'gteps.f Fiist.ﬁhe“hfs-w;f“' -

. parameters are varied throughout the entire possible range and ‘spectra are cal-:

culated that @ay be #ompared with'experiment tq.decide which rénge'is the -
correct one. Next a.léast-squafes-fit may be done within tﬁe allowéd range

until the best set of hfs parameters is obtained. For a reasonably simple

g' i

e

§52§54
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- The symbols héve.their usual meaning;
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}g the first étep can be done by systematic échémes'éﬁch as'éhe g-factof  A
(20)

diagram. A quadrupole diagram for the case'5/2(dipole)5/2‘is-illustrated :

in'Figgre 2. The 1ndividﬁal multipole‘terms~in:HS afé‘discusséd separately

below, and together in section F.

C. Isomgr-Shift

The first term 1n:Hs, namely"E%, gives the centroid shift of the e
. . ‘ AT . ' . J ]

nuclear state. "It is electrostatic in o:igin; entailing Coﬁlombic interaction' '

of the electronic charge. dlstribution w1th the nuclear charge_distrlbuttgn over'.'

-the finite volume of the. nucleus. o~

'The Coulombic. interaction may have components of all. even tensor ranks:

isomer shifts arise from the monopole (zefo rank) component..

3 N
Ny

For heavy eleménts the isomer shift may be especially large. It may

(11)

"be written : R o

aE-&-’@-e-l)( O AU L0 BN ©
'(11>3 The four factors on the RHS are,

respectively, the "constant", "nuclear"; "relativity", and "electronic" factor.

This last factor contains all the chemical information in the isomer shift. .

A




197

The'édnstant factof goéeiae.5ZA2/3;ibeihg}6.9,timeéﬁﬁéﬁiaiéeﬁforfAu as. ¢

57 - 197 57

for Fe’!, 'The nuclear factor. for Au

" be typical of heavy elements (see below).‘.Thedrelativity_faetor varies

strongly with Z/137, from 5.2 in Hf to 15.8.1n Cm, compared with 1:30 in'Fe. <

- Finally the nuclear density of 6s valence electrons in heavy nuclei is épproxénflﬁ;

~ imately a factor of ten'larger than that of the U4s electrons of Ee;‘e 10

compared with a §L025 cm-i. This ﬁhile;shifts,of ~ 5 x;10-8 ev ere'observed in.

’i
!

57 197 (12)

Fe’', shifts as large as’ 2 X l0-6 ev have been reported in Au

N

predicting the nuclear factor BR/R{ . The sihgle-particie nuclear sﬁell\ﬁodelois '

clearly toe crude to give a'feliéble'estimgfevof this;éffecf;'thouéh.it doeslfendlﬂ .

:»give the right'order.of magnitude for odd-proton nuclei,(ll) and it gives some
.theoretical sopporﬁ to the obserﬁatioh.thet the nuclear.faetor_tends £6 be

small for heavy odd-neotron nuclei. A:complete-theory of iéomer shifts would

have to consider all the particles iithin the‘nucleus, rather fhan.duetlthe

last odd particle:. even in "shell model" nuclei other nucleons can contribute

( 1‘”):15‘!»

-significantly ta;an/n.(l5) For deformed nuclei the collective model

1sdoh1§-i/6ithaf;of.Fe. . This,mdy'fff'ff"'"

.
P

_Until now nuclear structure’ theories heve.not been very sueceseful”ih&'5;5;u;r

T
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probably somewhat more reliable. For deformed nuclei 1n‘whiéhffhe two nuclear

states in the M8ssbauer'resonance are the two lowest_mémbers of a rotational

" band the model predicts a very small positive éR/R;aésdciated with cehtrifugal-:-f,

stretching.. Finally in deformed nuclei the "nuclear shape" effect can make a

‘large contribution to 8R/R, if the déformatidn changes between the excited and

ground stateé.(ll) This has led to the;prédiction(ll)-and obsérvatioﬁ(ls’lé),' '.
of large isomer shifts near the edges of the region of:deformed nuclei. In Eu

151
(qu.\ll)'and Eu153 (Refs. 15, 16) the large shifts appearvto arise. from béth -f'
single—particle aqd defofmatidn effects.

Special care must be exercised when discﬁssing isomer ;hifté in.ﬁéavy
elemgnts to distinguigh~betwéeh thgvinflﬁénce of sl‘énd\lpi/a eleétrbns..‘Thé‘
small components. of reiafivistié-"pl/e" eleétfo@ wgyefunctions afe Sfliké
(3, bét not £, is a good quantgm number forArelatiVistic eiectrons), gpd thére-
fore they have a‘finite prébaﬁility éf béing\within the nucleus. ‘bonversely

the small components of "s" electron wave functions are p-like and do not

contribute significantly tovwe(o)} 'This, however, has been accounted for in .




i

the isomer-shift formalism for’. s ‘electroms by introdiction of the relativity ' -

Lol

'ﬂfactorl(;l) This factorjié'lisﬁed“fdr-cénvepigﬁéé:ih-TabIéiAi. 

L Non-linear shifts should also be mentioned. Byjfhié:ﬁé meanfiéomeplu

shifts that are not directly proportional to (SR/R)'times ¢?(o); ’Reqently'_f. ; L

Atzmony- and Ofer(lﬁ)'repbrted shiftéfin‘Eﬁl5j
::?roportional to the ratios of shifts in Eﬁl5l involvihg the same compounds,'f” -

N

whose_ratios were not directly . ~ - . -

Thq origin of this effecﬁlis'not yet completely understood, but yé’cén_pfopdsg'ﬂ<;°j5_;

. {
. !
1. i |

‘two mechanisms that will give rise to such'noniinearl(in ¢§(0)) effects. quhP"Jff;"

2
/

The first~mechanism.is essentially non-relativistic. It arises in second-order

lead to an expression of the form BE = A(SR/R) + B(SQ?)»for'the ispmer_sﬁift",f’ﬁ-,“f”

,pe:turbation,thebry from the»qﬁad;upolé:componént'of‘}g, which we abbreviate as tf§;‘”

.}ﬁa(‘throggh terms of thegfqrm f :

T (up° Lo,y lnrugtny) (mp” mp'D Bloe® Y8y g
. n<m BBy

. Heré n 1s the principle quaﬁtﬁm number’ of aiélogedv P;Véheii-&nd Aﬁiiisltﬁaff

of a higher unoccupied sheil. ‘The.largestfmatrix element~foﬁ héavﬁ.eleménté'il'
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will arise.for.n=5, m%6}‘ Physically_ﬁhié.mechanism may'bé*visualized as the
excitation, by the nuclear quadrupole moment, of a ‘p‘eiectron;from.a:closed'“
shell into an open shell, in order tq.provide'a field gradient at the -

'+ nucleus that can lower the energy by interaction with thev

quadrupole moment. Clearly the matrix element is proportional to Q ‘ahd-the'

\

'shift, therefore, to Q?. Sternheimer antishielding arises from en anéloédhs

i : : j
mechanism,(17) but there the effect is proportional to. Q, as the ﬂv matrlx
i i

element appears only linearly. No detailed estimate of Fhis'effect has yet o

been made, but preliminary calculations indicate that it should lead to a

v

detectable isomer shift.

A specifically relativistic'effect that‘arises7from essentially-the}.

>same'mechanism should also Bevmentioned, because it is likely to 1eadvt6 quite

large shifts in heavy elements. Associated»with~the above nonrelativistic .

. effect, proportional to Q?, is, for the heavy elements, a.substentiel attendant ‘

' change in ¢2(0);' This arises from the s-like small components of the p-electron

wave funetionsrthaﬁ are involved'in this second-order excitation. Both the inner -

- ahd'the outereb Eheiis make obpdsihg contributions to this laterﬁ‘shift, and




théir relative contributibns:@gsﬁ.bé'&ssésséd'iathen'Earefuily. ‘Since boﬁh'ivaigf'ii‘f

¢?(0)_and e are-involved, we may regard this;éhiftﬁés'ﬁéihg proportional t6:§f&??!519

H.‘,)

'§(Q?§é9§, wheré,.Q;taﬁav_R,.are the qpad?upble éQmeﬁ?fénd chargg.radiug'of‘é; E['?4‘7'“"
given nucléar ;tafe'and‘ pris the uSuﬁl reiatifisti;‘pgrémeter.(ll) Fipall&ﬁ_:?’
vvfwe qbﬁla‘writeithe foéél sh1fftihvthé fprm "

" em ;Aa(n"’ﬁ)'}.sé(qz)'; -cs(q%%E):. o .

Chemical bonding. will of1couréé;have,a§§rofound effect on A,'ﬁ,.aﬁdfé.ffSpeciff"jf
ically it is evident that the energy denominators in Eq. (3) will be greatly - =~ =

!
’

..éltered:by boﬁdigg;
D | .Mq.ghétic.ﬂ‘g'pei‘ﬁne structure .
AHe%Yy:elemgnfS'fdrm'mahj idhéjéhd‘ééﬁplexe;“féf{wﬁiéh S:>6}(ﬁ;ﬁ;iiy%.e'gt;i‘
s-:;l/g'), éﬁd thg; ?9ssibility of 'l??i)éri..’lvirl.e‘éfx;uctgré'Aié.i-;ﬁu;_lﬁzj‘és_eh%c)i’ ‘ Unti]_ A
rec?nfiy.this ﬁoulﬁfha§é bgéé reg;faédras;irfelevaﬁt bécggse at.highjtémpera- ;‘1¢
tures éiectronic relaxﬁfion‘is ﬁgua}iy‘faéffenoqgh to'"a§erage.ouﬁh fheﬁmﬁgneﬁic;‘f? ,

- .hfs components to one lineé at thevéeﬁtrpid~(pf;to & quadrupole pattern 1f

‘P.#0). M8ssbauer spectroscopy jr;heav&‘éleﬁents usually requires low tempera- .
tures, leading to long relaxation times ahd consequent reéolution'offthé‘



5

' resonance‘1nv6lv1ng 8 dipole:transition'betﬁeen stéﬁestwith nuclear spins 1/2 ”.j
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magnetic hyperfine structure. The_criteribnlforrre801ution is that T>(Am)'l,

where 1. is the electronic relaxation timevaﬂd Ao is the energy‘difference_'

 between'twd hfs components connected by elecfroniclrequéfion. _Thehlifetime B
of the isomeric nuclear state is directly relevant only to the -linewidth qf;'!

each hfs compohent.A

" B . ‘u4 o . ok ; ' E . ’
A‘ hyperfine magnetic jleld , th? capvbe defined by‘th EﬂAzS/gﬁSNI o

S

" in the special case that'on1y>6ne.ofithe,principle;values\of the effective

1

magnetic hfs tensor (AZ in this case) is nonzero. Only then are the Hamilton-

R
RN

{

. . --—) . ig O
iaps AzSzIz apd HN. e 1somprphous.. If Ax agd/or Ay is alléwed to assume‘

& noﬁzgrO'Qalﬁejthé‘magnétic'hfstamiltonianiis noflohger:diagénéi ip.II;IZ)_- -
| rgpréseétatibn and.th;is'unéefiﬁed.»vi# is eésiiy’sﬁown in’firsﬁ-érdgr,pefQ

- .tgrbationtﬁeér#lf?af’forvﬁbelsimpleicaéé‘Az>>Ax,“A&3»ﬁ%th S=1/2;_the degegéraqy
- of ﬁhe leveié ‘S;%iﬂ/?; izé;l/2z is i;ffea, ﬁhd,tﬁé‘éositioﬁs of‘allvs;ve_#hé;

‘ lSz¥il/2,'Iz=¢I) level are shifted.(8); For the common. case of a M8ssbauer.

BY

énd 3/2, this results in a teh-éompqnent-hfs speétrum-ﬁhat 1s,qgité‘diff¢rentg

from the six-line spectrumVassbciatéd with a hyperfine'field‘(Fig. 3),“»”--_7"'7"




- Application of,an,externaljmaghétiéffieldvalopg dﬂéfbfgﬁhélﬁfinciplé axes ﬂ:af3f

N

g bf‘the‘mégn¢t1¢'hfs_teﬂsof‘ﬁiillaiagdnalize'}gvihffirstfbfdép; and the Mssbauer.’

spectrum will égéin,assume‘the'ﬂhf form, Wiﬁh'th=A5S/gﬁBN.‘ Here i is. the

'directionfaldng which the externdl field is applied (i=x,y, or z). :Inipure'.i e

‘ paramagnetic compouﬁdS' spin-épih intéraction-willrusually prbvide'a field

 UGRL-16621 . ol

. sufficient for this purpose. Sufficient mggnetic diiufion should'thénzresféfe”jjfj‘<

] . . AN

l
!

¢
i

" the more complex zeroafield §pectrum,
. ) l .. . . ) R . v . ~ ; v ' . . . ' . “
In estimating magnetic hyperfine splittihg-it~is useful to discuss- -

1
’

. hyperfine fields (as defined-above);'rathér~thanfcoupliné ¢onstants,]be¢ause

nuclear magnetic moments commonly vary through more than a fdctor of ten. inf;j:;:’

)

" the aétinide elements - unpaired 5f.§igct:ons'ar§ involved ig prqduéing hfs,::'
.' Orbital aﬁgular momeﬁtum.is4uhqﬁéncﬁ§a fqr ﬁﬁéSe'well-shiélded électroﬁs’and3
.can.set up figlds of ﬁhevorder‘éf;ibj-gauss, analggous to'théée‘foﬁgd‘in the
?éré eartﬁsf 'In the 54 groﬁp fieidstof’tﬁié size.a;e'not to be egpgcﬁed:

‘ _ ‘Severa.'..l.'e:'Len%en.t:'s.'('Ir‘f Os, _Pt;.. Au) in the5d égries haire h&pe.rfi;ne‘ fié.ldsv of '
’ ;I.SIX 106.éauss when:a;ssolféa-iﬂ.i%dng'and%smalier~fiéids iﬂvdfher.fef£o;-~"

mégnets. In ferfomggnetic‘1ntermetallic compounds such as AHEMn evenfiarger

o]
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. fields are possibla(;B) Elements,immediately_abovefan&jbelow1thése four show .

“smalierbinduéed fields, of the order of 0.5 X 106 gauss in iron, for gxampie,(l9) :

In all of thése elements the fields apparently‘ariSé'thfquéh Fermi contact inter-

action of conduction (6s) electrons and core-polarized inner s electrons.

" Contact interaction (through.core polarization) is also probably S

pfihariiy responsible'for-the observed hfs in,paramagnétic 5d complexes of -

N

Re(IV), Ir(IV); and Au(II).Y Thexlatterftwo show his constants corresponding = |

1 i

“to hyperfine fields of ~ 1/2 million gauss (7’ 0)

7

expecfed for paramagnetic-complexes'iq the 5d group.
" E. Quadrupole Coupling l
. In 1ight'é1ementsvthe quadrupole coupling constamt provides a rather

-sffaightfdrﬂard measure of the}numbernéf unbalanced P  orbitals and thefe;'

~ fore provides vaiuable 1nsight into.chemicai_bonding. 'This'latter is probably ::.

also tr@@ for heayy”elémeﬁts,xalthéugh reéﬁlts_to datgiané tﬁeoreficé}’conth 
: éiderations, suggestvthat theVSifuatioﬁ_hefgiis far Aéye gompliéated. >Siﬁcé>'f
J, rather than . Z,.is a.good'qpaptumvpu@bgf'fof«thé‘relatiﬁisﬁip electrons.iﬁi
hea;& atoms, tﬁé small componénts of thé rélatiﬁis#ic waye.functions'forlﬁhe '

atomic orbitals will have different parity'from that\of the large components. -

This value,caniprdbably:be.; -

@

T
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Thus the pl/2 electrons.have’sl/eriike‘smailn§6m§ohéhté,'whiieﬂthe_émalllcbmréheﬁféo '

- of the p37é”wdve;funétiops are d5/é;like‘(aﬂdqéqﬁverééiyj;'étc;?fﬁybridizétion dff*‘fw;

electrons from different subshéllés(or different major shells)'éan lead tOvcompiex C?{t 

problems in data analyéié.(el)f The compounds of Aﬁ197;have alfeéd&*prbviaed_

sevéral'surprises(ge)andmaﬁe discusséd in Sect.. IIT below..

Most heavy elements that can be studied by MBssbauer_spectroécdp&fhavgafn4
v large natural linewidths, of the order of 0,1_cm/sec or greater. _betunateiyifi_ ,:;:;
the combination of sizable quadrupole moments and large electric field gradients - ~
"~ in éompbunds-ofiséveral of these elements provides'quadrupole splitﬁings that are
o . .- PN . . ..
. _ N _ ‘ , ,

large compared with even this linewidth, For Au(CN)é, fof.example, M, Fé1teﬁs.

has found AE. = l.m_cm/sec‘(Fig.fi), ,  §_

Q
- F. AhalysLs of Heavy Eiement Spectra
' To the chemist .accustomed tolihé'high-quaiity-factdf~spectra qqu§57'and.

Sm119 the analysis of heavyfelement:spéctra.pfesents.severalwneﬁ‘préblems.énd,"vf.

some pitfalls. These difficulties can be handled by rigorous adherence to the . - ///

spinwhamiltoniqn formalism, but in addition it is worthwhilectcwfemembgnxseveral‘

qualitative results, listed below. " - - ;
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1. 'For moét>heévifelém¢n£Aspeét;a ;froﬁg'cr&stéi;fi;;d effécts Qili :i_"
perfurb the electfénic donfigura£ionvsufficiently to;lift most of th¢ eled§r0n1¢ .
deéeneracyz legvipg & singlet (S=0) or aoublé;:(S=l/2)lérouna-state; Further%
the magnitudé of‘the crysfal field ﬁili'usuélly céﬁsé'éuffiéient splittihg‘tb
" leave only the ground sﬁate appreciébly (thérmally) pépul;ted at low températurés.

' The ObServed_specfrum‘may still, however, be a superposition of spectra from two

(7) ¢

or mofe inequivalent sites{ as in the pgramagnetic resonance speét?um

.;r(IV)in KéIrBré;. One'may'deqide betwéén<these two alternatives by'obseryiﬁg:

| the’variatiqﬁof the spectrﬁm with temperature,;applied_magneﬁic field; or

(if a Singlé'crysﬁal is available) with orientation of the absorber.
‘2;'For‘nonzero S .one mué# decideiwhich of the threé cééeg

:T>>Cﬁb)€l’ T%<(Am)'l, or'TQAm'l‘iS éresgnﬁ. Usgg;ly the zero-field.Hamiltoﬁian .

willinof bé direcfly applicab}e. if T<<(Am?’i the_gpegtrum wili be a weighfed

avéragg'dflthe magnetic hf; cpmppnents. If f>>(A@)fl spin-spin interaétion

wili ser%g to diagonélize M;'in éll bgt'the.moéﬁ dilute sam?lés; aﬁd wili '

.tﬁereby aiter the'spectrumﬁpré?oundly;‘for‘fz(cuﬁ-l complex rglgxgtién spectra

8)

are possible.




S

CE

3, Often, then;~thé‘hypérfineusﬁrqétdrggin:zef@}?iterﬂﬁl fiéld,may;,if{fgf°§xﬂ

.

-bg.representéd by_an effe¢£ivéfnucieér,spin;hamiltoﬁién;'df}the:form:i”

]

Mliv‘ = Ei o gNBNthIznf‘ P{ [Ii' -(l/j]: (I“'l)]J .'*'- T][Ii; - If,'] }- Note that thlss P

_‘taken along the zEz rather then along the X} yj or 2’axis. There is.in general -~ .

0

: .'no gssurance that the effective hype#fine;field will lié'along;dne of:thegpriﬁé';fl[:”

' ciple axes of the eleétric field gradient tensor, and ;?Emay thereforéjhaﬁejéhy'f e

direction relative-tqhtheAxﬁﬁfcqﬂrdinate system. High crystal or hqlecular -

symmetry.ofpeﬁfsimplifies:ﬂN st1ll: further, by making -n=0 or @ausing[;:_to-be AR

equivalent to' ¥y’ or-z!

N

h.‘ Sdme:sﬁecialjsymméfry'problems may arise in hegvyfelementﬁ'éﬁeétrai*;,'gﬁ

One of the most vexing is;thé‘éaséfin whiph.afpobriy}:esplved_dqublét;is'ébserVedf"’

for é rgsonahce involving nuclear spinsb'i/e gnd 3/2, as in‘Irl9l

.

ete. It may be difficult to decide whether the splitting is magnetic and largest  *

in the;spinél/e'state,'giving two unresolved‘groupé-of 3 or 4 1lines, or

whether it simply arises from quadrupélé:coupling. One may decide between these
ihterpfetatioﬁs by making‘polarization measurements, observing the températﬁre-,

magnetic-field- or concentfation-dependence~of thé spectrum, or by looking for

i UCRL-16621 . Ul -

193, 197 -

s Ir 775 Au »

Y
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asymmefry aséoéiated with ah’aniéétropic recoii-??ee fféction kin.the case of .
vquadrupole splittingj, butliﬁ pfacticg.theée mgthodé gfé not ;1vays‘fea9iblé{and‘in .l
marginal éasesland the quésfion may have to‘be4§§§tléd-5y indirect evidence.
.The ;gémer_shift.associated-witﬁ a complex spectrum falls at its center
of gfavity; as does the iégtoje shift in optical spectféscopy,\but detérmination

of the center of graﬁity is often a tricky process requiring a complete_theorét-

' . \

ical understanding of the spectrum.“>Sefious errors can arise from failure to

1
i
|

.

account fo¥ weak components far removed from the centroid, :

' é%sorétion by
,_Qveriappingﬁl;hegi‘Saturaﬁion éffects,;gniéotropic‘fgcoiiﬁfrée{fractiéng, orﬁfér
lines that pearly vgnish by relaxationﬂ

‘ If.iziis'é good guantum_gumber (176.; if:Ax =.Ay =,6)-énd sz,.the L
gpeﬁtrum will‘bg symmetrical about its centrdid,' if,.hovgyef, Axvor Aynis;noﬁ;
zero, even in thg ébsence.of_quadrupolé‘gogpling;vaplésyhmetfic spectrdm will
| résﬁit;:.qu P£O and nfo;it ig possiblelfor tﬁe sbegtrum tb.a?éear,quite
 éymmetricalq
'Incorpérafing tﬁe.resdngpt atom intb a‘éubic.hosflshould not_in'friﬁéiﬁlé,

‘and in fact doeS‘nOt;vnecessérily_elimin@té"quddrﬁpdleicouplingQ Either. distortion
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of the unit cell by a large substi;‘butibria};l;;sblu.{:é,-atdxﬁ;(?} )or l;éhargé- comp'é_ns,a:;.t'}ijon Sty
in neighbo’fing .celis‘.,.can'p'rovi‘de npnzer,o‘fie';d .gpa,diept'é} T o ) 'f“. ~ E

iII.' RESULTS de HEAVY ELEIVIE}NTS :‘

The.‘MBB's.ba.uér-c.e.iifec,ﬁ hé’.'s.mbeen r_ep.or:tgd‘ for 14 1sotopesof ?J.éme,;lighv‘.j‘%h\ ,‘
z>T2. 1n Table 2 the traﬁgitioﬁs 1n the héa.vy'e-lezhenté 'foz; itivh‘ic\.hi the Masébauef‘
effe;t s_hoﬁ‘ldl ‘t_)e db.s'erw;avblé-a‘.'r’é li‘s'tec.l.. . ?;lthoﬁéh‘ evidénvce.:. Qf h&pérfihe’ 'strhci:u;_é‘-z .‘ .
has _been; founé.; in nef*“"hj’ eve?y-'gg.g,_e , the{ hfs spégtrﬁm has béén explained in - e
detail fér only ‘a:bo.u{: 8 c;sgs . . onlyﬂpré;.iminax:y versions"e:i.'. much of‘the.wo‘_rk =
.;n th'e‘};lga.\vrj .e;l:.éﬁezjxtsl ha;v.é‘ been ppb_li‘sg_éd,”-so the fol.'Lowih‘g ‘tl.ig;s&ussiqﬁ"ngg%t :béj-‘ ~
>somewha*t.'.tentat<-i,‘x're in regard tol"Quanfita#i\fe 'fesults. ‘The. resonances é.re ci.'i._sg-_- =
cussea beiqw >i'n\ ordgr "of 1ﬁcrea',-sin.g .atomi.‘c:. nmnbe;;..

Hafh:iun-l'-l.z' 7. 'Wieaeman;}' gii_ é_]:(éu)".ﬁéve re,porte'é ;'r'esonant.absorm’;?.qn‘gls;l;ng-'_

Lu metal and Lug0, ‘sources and Hf metal an'd‘HfOé' a.bs‘o:é'bervs. . The _ya.béo’rption spectra

vere wider than natural linewidth, sdégest’ing;(“qu'adrupole)' hyperfine 's'trgic{;.u;'e ) but.
a d;etailedl analysis cbu];d not be x_nade; - The ,.laz;‘ge 1inew:idth.and high\ fy-ray ‘energy

7

render hfs studies marginal for a7, .




' resblved-quadrupéle-hfs in~absorption'measuremehts»on W
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Tantalum-181. This'tantalizing 6.15-keV resonance waé.first reported by

Cohen et al.(25) and'waé studied in some detail by Sﬁeyert.eﬁ al,(26), who found{_ :

isomer shifts and quadrupole splittiqg. Thévmetallurgical,problems assdciatéd

¢

(25,26)

with this resonance are very gevere. :'quadrupole broadening almost complete-~

ly obscures the épectfum»even_in a cubic Té lattice, and sensitivity t¢ impuritieé<}

and vibrations is very high. When the problem of preparing a good single-line
source isiSolved, however, thisyresOnancé will provide an extremely'powepfui .
tool for studying Ta chemistry. The natural linewidth is only 6.7 X 107 ev,

e

. and the recoil-free fraction should be very large even at high temperatures. -

Tungsten Isotopes:‘Wl85; Wl82’ 184, 186. 'The‘MBéébauer effect has been .

repofted(27) for both the U46.5 and the 99.1 keV transitions in‘WlBB, The relative-

-1y large linewidﬁhs_bf the resonancesArénder W}aé less:saitable”fdr~hfsfstudiesuthan
toves.  OF - 182 - ,
~ the even ‘isotopes. Of the three even isotopes, W is apparently superior to .
' the others in every respect. It has the lowest transition energy,‘the'nafrowest

natural 1inewidth, and'presumably the largést'quadrupole mOmentf(lh)' Weli--;

l82-havé béén reporﬁéd‘:f




b LT TueRr-iéeey .

(28,29)

by two groups. ' Field{gradiente:of‘up toéalol8Aeaug(in‘WSQ).hanelneen'

reported, but no detailed.interpretations in:termsuef chemical bonding are yet

>

’ available .

MBssbauer scattering, rather than absorption, provides an attractive

alternative technique for studying these relatively high energy transitions (5 ’31)

Scattering“greatly enhanees the signal-to-noise'ratio‘for these cases, vhile

.fetaining most of the good.features of absorption'experimenfs.'ﬂf

1

:Rheniun-lBT. Resonance absorptlon has been reported.(ée) The linewidth

5(1den/sec§ pnecludeslhfa studies.

~

. Osmium-186 and 188. The linewidths of these two resonances &re suf- -
: ficienflyvemall-to permit quadrupdle coupling Studies,»andﬁtheuscattering',j__g 3‘:f o
.,technique‘pnovides.an adequate signal-tdeneisevratio; Evidence has been foand.v

for quadrupole interaction in Os metal (30 31)

, jIridium-lQl and 193. The MHSsbauer effect was originally discovered(53)-
" in-the 129-keV tranaitien‘of‘Irlgl.'~Aithqagh-tnia.neépnancevig not aufficientlj,:
narrow for hfs studies,. the 83-keV transition should be suitable. '-Senieendacﬁor";:i o

'7-fay'detectors are éapabie.ofrresoiving this y ray fromgﬁhe x-rays accompanying I




Ty

.barns,(Bh) Irlgj‘is very promising for'chemical'bonding studies. ‘No deﬁailedv '
' reports of hfs spectra have been published as yet, buﬁ'Thomson et al.
~ studied KIrClg, IrO,, and hydrated IrCly, IrCl), and Ir205, finding isomer

" shifts and, in the case of Iroé, a'quadrupole'splitting'bf'B.Qrmm/sec;'_J..'

in,iron;metal{

ses- . U yeRL-16621

193

l9lr Still the_73-kéV trensition in Ir 7~ seems pfeférable for

the decay of Pt

mostbpurposes, being both narrower and lower in;energy. _Wifh a natural line-~

e

'width of only 7.k X 10"'8 ev, and a ground-state quadrupole moment of + 1.5

have

(35)
Huhtzicker et;ai.'havq-resolved the eiéht-line maghetic hfs spectrum of'Irl?3‘ -

(36)

| Platinum-195. Harris et al.>1"7%) nave studied both the 9839-keV and

'

ﬁthe_129.7-kev;r¢sdnanceé,iusi#g Pf’me#al:séurceé_agd abgérﬁers; Nﬁ.shifté or
'  hyp¢rfine structure were'répdrféd. It‘wbuld belintereéting to compare élécfric
'fiéld gradients and'iégmgr Shiftslig-platiﬁum céﬁpéunds with thoéé,iﬁ'isbeiectrqﬂié
| 1gold,compqunds:(§ee beloﬁ);.bqttﬁéilargé 1ineW1§ths;df theéé'iesonances'may pre- . -

clude such work.

|Gold-197. The T7.3-keV resonance in Au'?!, comnecting the 1/2+ first- -

-'excifed state with the.3/2-h grbund state, 18 byifgr’thejmost ﬁhorodghly.explored f‘f :

.caseiin the heavy elements. Nagle et al;(jg)‘firstfféported'resonant absorpt;on




in Au197. It has been etudiedlextenéiVEIy by.greﬁps'efiOak'Eidge:and'Berkeley: jf,,Q a

(18 20 »23, ho ul)

Magnetic hyperfine structure has been found, Cin: 1attices of Fe,,

CO,‘Ni, and in the intermetallic eompounds AuZMn,,Augmn,-anq'AahMp. Although

the ground-state magnetic components have been only partially'resoiﬁed, quite

value is (1.29 t.O.O}).x-106 gauss.(uz) ‘This case (Au in Fe) has been important. .

complexes.

aecurate'determinations~of th for'Au in Fe have peen‘madé: the most pﬁeéise

t
N

P

in leading to an understanding of the systematic &afiatidn‘ef induced hyperfine -

o6 G el o

S - +2 -i_,.

5 , A | ‘
- fields in ferromagnets.(l9) No paramagnetic. hfs has yet been observed in Au

/
i

H

_ Isomer-shiftsvhave been'studied'in a vafiety of environments.f As the ,f

first odd-proton nucleus showing an appreciable isomer ghift, Aﬁ197'qffered'
promiée that the shift might be quentitetivelj interpretable in terms of
nuclear models.(hB) ‘More detailed descriptions of the nuclear levels in Aﬁlg?

7

leave doubt . that the nncleer.shell model is a‘sufficiently good approximetion
to nuclear structure to provide’ a plausible quantitative interpretation 6£ éuch,

a sensitive pe;ameter.as SR/R; Pairing-model calculations suggest high sensi- L

tivity of SR/R to smeéaring of the Fermi surface; because of varyihg occupation

ﬁ%‘»
53 )



RN

‘.

a297

7. "‘;F=7"ff:i¢v-UCRL-166el'faf

of the hll/elorbitals.(lB)v Alege has oﬁtained Quitg-compli¢ated éigenfunctions"

()

i

levels. - De-Shalit has suggested thét Aﬁl97

exhibits "core:
/ . :

for the Aul9

excitation", a qualitatively different form of nuclear excitation than promotion

(45)

of a single particle to a higher orbital.® ~‘ The nuclear-structure prdblem in
thus appears to be far'from,solutibn,'and any quantitative inroads on.

th¢ isomer shifts in the near future will have to he made through the'eléctroﬁic
factor. IR - /
i

From isomer shift measurements in nineteen metallic hosts Barrett et

/ : | | N o 5 S T
al.(la)'conCluded,that the shifts were strongly corrélated with host electro-

N

negativities. Gold atoms gained (6s) electron density in the other, more

 electropositive, metals, tending§£o_form.Au- ions. It-iS'interesting'that the

most naive applications Qf rigid-band”theory would suggest the opposite, i.e.,

 that Au should donate electron density to nickel in Au-Ni alloys, for exambie.:

One concludes that chemistry is very important even in metals, and that é'band‘;

theory that neglects chemical interaétiqhs has little-value in predicting.'

i somer shifts;'.Robefts et al. ha&e'fécently provided two'independent demon#‘

stfations that the electron dénéity on Aﬁlg? in other metalllc hosts 18 1argér
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then in'Au metal. The first was a.corrélation of residual.electrical resistiv--

\ .

(46)

ity with isomer shifts.Tpr several dilute alloys, ' ’ using the alloy theory

v

» of‘ﬁiedglf A morerecent ~‘high%1irles,sure exp"ez"'i:mevent-,haé: shown (liir.,ec'tlyﬂ that .
‘phéﬁhﬁclear %égéor, 53/3,;{55.A3197'1s positéﬁe.(l8?;?;
jThé qbéer&épioﬁibf iarg§'iéoﬁeﬁ‘ghifts:fo;7Au;éﬁomslig me£é;li°}h95§§if:'“'
cpens the possibility that the Wssbsuer effect aight be particularly spplie- .
>céblé;td st?ﬁiésof chemigé1f5qndsfig %nté£méta11ic;égﬁgpﬁhaé}f'Uﬂlik§ §§§
+ more classical‘f§¥ms df chgmicél speétédécgprIQBSsbauer:spectrbsccpy?is éé;};_'
| jépﬁliéable #?A;nt??ﬁéﬁé;lié Comﬁoaﬁqs.aé‘to déeiectriés;N Muéhlbf our ?geseﬁfiylf‘ft
:;réthér‘ii@itéd;uﬁdg;étanAing?of-inte;;etélliq;bOndé“ig,geriyed.?romi%éﬁhéri'
.eéﬁiVOCal argu@é#té basgﬁ.qﬁ ﬁbénd’iehgthsﬁ'and'"béﬁdlanélééﬁQvaﬁdﬂmore d¥;§c£.f-;55'
' spéétrOSCOPicfeVidénée ;sicegtaihiy'ﬁéé@ed;-;ﬁqth ;soﬁéf shiftg»aﬁd,gﬁAdr@p§ie:5;

: spiitting_have been observed in interﬁefaiiiﬁ;compound§71nvqlving Au?9iv(?2’?8’?2).

but definitive interpretations are not yet available. N

M8ssbaver spectra of AuMn have been found to be extremely sensitive to -

heat~ and mechanical-treatment (end hence to long-range Qrdering),leading-tO'ﬁania- o

(22)

tion -of:-over-a.factor. of four in thé width of the hfs absorption spectrum.’ .«




MBssbauer.séectra of‘Aﬁ cdmpound§ 6ffef é splendid{éﬁiortunity fdp:,_.
spgctroScopic study éf;éhemical'bonding‘iﬁ béavy eleﬁénfs}u It ié.aireédy
. e§ident thatfsome éf‘fhé-hybrid boﬁq1ﬁg,rules aﬁp}icablg £o£theiighter'
eléments will requi?é,éubstanﬁial\méaificétions wﬁené applied.to gold. A9 »
; ear1y,illustrative exampiélﬁas provided by the‘quadrup§1e goupling.constant$ 
:fé? surous and auric co@plexes.(ll) These.tend to be 1ineérland squareé
‘planar, fespécﬁively, énd éré tgxtbookiexamples of Spﬁﬁnéqua'hybfidiZatién{a.:"'
Oné;migﬁt thégefqre eipect that‘éhe'qg;aru?ple>éouplihg constants‘in Ad(I) and ‘>i
<AuKIII)fcompdgnds would be eséeﬁtiglly the same, inasmu;h &s thgée th hybfid

N

configurafions.havé ihezéame ﬁumber of "unbalanced ﬁ _electrohs";  M. O.
Faltens. hasfcollecteﬂ spgctra of gany;Au cpﬁbdunds, with ;ome.surpriéing,'
vfesults.(ea)vIn paftiéular, the AutiII)‘compdgnds tena'té yield quagrupole
‘splittinés ap‘ordgr of'ﬁégnitudeSmalier than those of.thg AQ(I) éompoundéf :
_Well-res'bived':quadrupolé hfs for KAg(cN)‘é was shown 1n Fig. 1. For AuCi;,

" complexes the. two lines are'unfesolved,

Neptunium-eij. Stone and.Pillihgér(6z have reported1thé'bn1y auccéssful :

éxperiment oh the Np257 resonancé;  Their observation. of MBssb&uér-abSorption‘. .




folloﬁing-aidchy is interéstinévﬁeqauée~1tmlhysft61réét.éiébod'dééi‘offill;g.ff"f;.

‘founded discussion about whether:or not recoil-free absorption wes possible .. =

Lol -

after;évents 1nvolVing‘large recoiivenergy (ald30gy;'nuciéar reactiops;;gv v

coulomb excifation);'}StOne.and:Biilingef'6bséryed»5foad.compiex'spectféfuéiﬁéff;i?ﬂa'

' _an absorber’ of dig.&nd sources. of both U237'apd Amau} in_NpOz.'

It seems difficult to imsgine ‘that. .recoil-free gamma tfansitibhsf; ;
L . . - , j _ R NI ) B VU A
- would not occur following the high-recoil processes mentioned above. The i .l

frecoilihg iop_stops,iq‘time.intervais?thatiaré séVeral»brdgréVdf;magnitudeE
f'; s f"; o o S "(h7) ) A : '“‘237‘ e "'Qﬂyﬁ”ﬁtf}
.- shorter than -the isomeric lifetimes. Whether the Np ”  atoms in the . .. .
above éxperiment have stopped in'laﬁtice'bositions prQin interstitial*poéiﬁions:nfﬂ X

A

- remains an 6ben_questiqn,~ Véry prbbably both ﬁositioné arégpépulated.' Ini‘ffs_;iif'
. either case large re@oil-frée'fré¢tioﬁs are expected for the 59;69keV-tfgnqi- L
~ tion. Mullen(hs) has based the'pénclﬁsiéﬁ that latticé'positiohs_are'preddm-

~ inantly occupied on arggmeﬁts;in&olvihgfthe recoilefree!fraétion; This -

1]
1
!

éonclusion séems unfdunded 1n;1ightfof-the“impqssibility,of'deriving g.recoil;- ';

: free fractién from the existingidﬁrééolﬁéd spectra. While there may in fact be’

M
i

‘no recoil-free intefstitiéls, the,questithis,ét this point. completely open, and . ¥

\]

' can be resolved only when £he-abépfptionﬁspectrum.is undefstood;

R E&j@
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Table 1. Relativity Factor §8' for Heavy Elements.

Element st Element . 8! \
HE | 5.0 . Au ' 6.8 I
Te 5.2 ‘ Hg | 7.1
W . 5.5  Th 11.7
Re . 5.7 | Pa 123
0s o 6.0 _f U \ | 12.9
Ir i 6.2 . - Np 13.6
Pt 6.5 Pu g iu.3

~ N
*

MU
g
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| Table 2— Isotopes Vith Z.> 72 in which MSSsbauer resonance’ mﬂy be observed;dfhtf

in states within 200 keV of the ground state.
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: - Figure Capf;qns‘ j;fﬂii»}ij~f“
:.Fig.'1;‘vasorp£ibq'éﬁéctruﬁ of-KAq(CN)é obtained‘by:M;{bkﬁF&itens;iéhoﬁing,‘fffﬁfh

'+ wéll-résolved .quadrupole splitting in the_B/Qf éi§und;$tate.6f Au}gi;_ _“'h"

céusediby 1inear;("sp") bond;ng,

. Fig. 2§f:Qﬁadrupole-diagram, showing ali_the:possible M8ssbaver spectra fof5f }?,1}
/. a'resonsnce in a dipole trapsifign'conneéting states with épins'5/2?ahd L
- 3/2, if n=0..°On the left the (x';fonli'near) ordinate scale is the ratio =~ . .
', - of:quadrupole momehts in the/two“states., The relative ‘Intensities of o
‘ ' S : | - - S

'.theafive'hfsvcomponents connecting7th9 3, levels of the spin-5/2. state
(top and bottom) with:the tﬁb.levels of the spin-3/2 state are shown.

On the;right side of the figure are shown ‘representative spectra at

- selected values of Q(5/2)/Q(3/2), obtained from the diagram.
Fig. 3. Paramagnetic hfgvlevels,andJSpectra.fbr a 5/2'(dip61é)11/2 tpanéi-

© tion under.the hamiltonian ¥ o=as wx * AySTy + A8, with :Sél/?, R

For}Hs dgpgonal in I, representation (1eft) therpeétrum could be'repfq?-f C

sented by a "hyperfine field". For & more general case (right) the = - ... = &«
.ot . . - g . e .

o7

,spectrqmﬁis'more complex and is asymmetric. The "six-line" Fe spectrum -

¥#ould show ten components. 'A detailed diécussion is given in Ref. 8.
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This report was prepared as an account of Government
sponsored work. Neither the United States, nor the Com- .
mission, mor any person ac;ing on behalf of the Commission:

A. Makes any warranty or representation, expressed or
" implied, with respect to the accuracy, completeness,
or usefulness of the information contained in this
report, or that the use of any information, appa-
.7 . ratus, method, or process disclosed in this report
may not infringe privately owned rights; or

B. Assumes any liabilities with respect to the use of,
or for damages resulting from the use of any infor-
mation, apparatus, method, or process disclosed in
this report.

As used in the above, "person acting on behalf of the
Commission" includes any employee or contractor of the Com-
mission, or employee of such contractor, to the extent that
such employee or contractor of the Commission, or employee
of such contractor prepares, disseminates, or provides access
to, any information pursuant to his employment or contract
with the Commission, or his employment with such contractor.








