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THE HEAVY ELEMENTS 
·/. 

I 

I •. Iptroduction 

The elements beyond the rare earths provide a most fruitful area for· · · 

" application of M8ssbauer spectroscopy. Nuclear energy levels tend, on the 

average, to be,more closely spaced in heavy elements, making the recoil energy 

. 2;· 2 4 ~ = ~ 2Mc small enough that at least 1 of the 23 elements in the interval 

71. < Z < 95 pos.sess isotopes 'With M8ssbauer resonances that. appear to be 'Within 

reach of present-day techniques. With the exceptions of mercury and lead the 

lattices of these elements are sufficiently stiff to provide.reasonably large 

recoil-free fractions, though in most cases lo'W temperatures are required. 

The high density of 6s electrons at the nucl~us-and the large electric field-

~ 
}J~~~ 
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, II. HEAVY ELEMENT SPECTRA AND THE SPIN HAMILTONIAN 

A.· Formulation 

;The spin-hamiltonian formalism provides 'the most convenient framework ~ 

for dis·clfssioa of M8ssbauer spectra -of chemical compounds. In the past, ::sev:er.a.l 

experimental factors (high concentrations of resonant atoms, fast relaxation, 

.etc.) often combined to simplify spectra considerably. Increasingly sophisti-· 

cated experiments, especially. those invo.lving large molecules ·and/or low tern-· 

! .:. " .. ! ~~:. :. ,. • .. _, • \.. ,. ~ •• 

peratures, wiil requ~re for their interpretation a more detailed understanding 

·of the physica;l origins of various spectral features. This is especially true 

for heavy eleJ'!lents, for which there are relatively few guideposts in terms of 

chemical systematics, and for which low temperatures are often manda,tory. The 

process of extracting spin-hamiltonia.n·. par.ameter·s )t:ro!ll··apectr.a is.r:discussed 

briefly pelow. This p:pocedure is often complex,. but it .is: at least well-under-

stood. ~he chemical Significance bf.each parameter is· then d~scussed. The. 

ways in which the chemical intt:)I'pretations may be m~dified by relativistic·· 
• • • • j • 

. f· . 

effects is mentioned, but not discussed extensively. 

:. 
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Resonant absorption or scattering involves two nuclear states. Each 

state interacts, via its electric monopole, mag'netic dipole, and electric quad-

· rupole moments, .with extranuclear fields in a manner describable by a hamiltonian 

involving many coordinates. Even if we regard the nucleus as a rigid body we 

·still haVe a computational problem that is beyona the ability of present-day 

theory, and a;pproximations must be made in order to proceed. A very useful 

procedure consists in separating the problem into angular variables,'.described 

by angular momentum operators, and "radial" va:r"iables that are in practice 

treated ~s semiempirical constants. This procedure is termed the "spin hamil-

tonian".formalism.(l, 2 ) It has been eminently successful for interpreting . 

hyperfine structure spectra in solids. In this-~ormalism there is an angular 

momentum. s:, called the effective spin, associated with the electronic coer-

dinates. For free ions, or for ionic lattices in which crystalline-field 

effects are very we~k,( 3 ) S' is just the total angular momentum J. For 

most. heayy atpms accessible to M8ssbauer spect~oscopy, ·however, the degeneracy 
. . ~ l. 

associated wi~h J is·(partially or ·totally) removed through interaction with 

the,ligands (usually via covalent bonds), and the ground electronic state is 

most often a .st.~gle:t, or doublet. The quantum-mechanical description Of. this 



f I -5- UCRL-16621 

eigenstate as a linear. combination of basis s_tates in !J~,MJ) or IL,S) repre-

,, sentation may be very complicated. If the (effective) electronic spin S • 
~ 

.. 

and nuclear spin I are truly separable, however, (
4) transition selection 

rules niay be ·.applied .without exact knowledge of the expansion. of the electronic • 

·eigenstate in any basis (i.e., S' may be treated ~;ts the ·fundamental electronic 

angular momentum variabl~). Thus for most purposes we may :define· S' by 

I 

setting :{28 '+1:) equal to the electronic degeneracy of the lowest electronic 
f ' 

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

l:fi = •Ei - f3ff·g·W +A S I +A S I +A :S I + P( [I
2
z' --{l/3)I(I+l)]. 

S XXX yyy • ZZZ 

(1) 

+ T}(I~ 1 -I2 ,)) + g,__f3lt·f+ (crystal fiel.d terms involving S but not I). 
· X y ':'1~ If•

1 

The first term, Ei, gives the centroid shift for the 
th 

i nuclear state 

(E1-E
0 

is the isomer shift for the first excited state. We omit the super~ 

script i on Ax' Ix' etc., for clarity).· Here f3 and f3N are the Bohrand 

nuclear magnetons~ g is the electronic g tensor, gN is the nuclear g factor, 
I I 

! ·. 

H is the applie4 magnetic field,. ' I is .the nuclear spin, 
'. 

A , A , and A are 
X · y Z 

· the principle values of the _magnetic hyperfine structure tensor in the xyz 

/. 

. ·~ . 
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coordinate system,. P 

- ' . . . . 
> '· 

. . 
.... ···,,. ···' ....... 
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. . '·' . 
is .the quadrupole coupling parameter ·given by 

.·· ... 
P - - (3E?qQ)/{2I(2I~l:)], and Tl. is the qU:adru:pole· ·asYnu!t~try parameter~ Note·· 

... 

· .. ;. 

that the:quadrupole tensor is takeh in the x 1 y'.ir cooz:dinate_system, which • 

·._,; 

' .: . ' 

may. or mB.y hot be 'simply related tb the xyz · system. (i.e. j the principle .. · ,.,_ '' ,·, 

axes of_ I A . and P · may or may not be parallel).. . The cry.stal field terms are· .. 

. . 
· not wr:i, tten. explici t):Y-;: becausE! they can be ignored· if. S - 1/2 or 0, 

.. '·. ; . 
I 

I, 

expected;for heavy elements. 

..·.·; ... 

J, 
·While i· ~ :F!s in its most general . form is rather forbidding, ·in pra:ctfc~ ·• 

·._ .... 

.·.: .' .· ... : 

several 1terms .almost always vanish;, leaving a tr:a.ctable expression~. Still.· one· 

.may expect i~.many. cases to have to diagonalize a sma'll energy matrix. ·. Of 

course all. tl:le simple spectra observed to date can.be e!!iplained by limiting. 

forms of .. '$! • I Examples· of simple applications to )lea:vy elements are given 
.s 

below •. , , 

.. 
electronic 

.. · 
I 

· assignment: . . . thus· s = o .. For- zero. applied :field :F!s r~duces to :· 
. . : ~ ,; ·:. 

'i 
+ P(.(II?; ~ (1/3) I(I·H)] 

2 '2 .. Z I E - + T}( IX I ~Iy I )'}_ •.. For the linear ion itse:Lf 

ma:y be taken along the symmetry axis, and T} = 0 (of course neighboring ~ions 
'I , • I 

.. ~ : . 
I 

·' 

. ~ .. 

... 

-~ 

,I.. 
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· may contribute ·to the electric :field gradient to give a finite T}). In the 

l/2(Ml)3/2 tre.nsition in Au197 two lines are expected .• The 'spectrum for :' .. 

~Au(CN)2 .is shown in Figure l. 

· 2. [Np'o
2

J2+. · This linear ion has been studied by paramagnetic reso-

( ) . (5) 
mince in a uo2 .. Hb N0

3 3 
lattice. Here ~s was found to be cylindrically 

symmetric,al around the ionic axis, having the form A S I · + A. ( S I +S I ) 
. Z Z Z , -"}, X X y y 

. 2 . 
+ P[Iz - .(1/3) I(I+l)] in zero field, with S = 1/2. M8ssbauer experiments 

on ~p237 in Npo2~ have yielded complex spectra, (
6) possibly broadened by re~ 

·' laxation at 4. 2 °K, but no detailed analysis is yet available. 

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

. tensors are identical, it is still not .possible to describe spectra in terms 

of a hyperfine field .plus quadrupole cpupling, because of off-diagonal terms 

arising from A1 .. 

3. [Ircl6r
2

. Paramagnetic re~oriance experiments( 7 ) on this complex 

have yielded an anisot-ropic magnetic hyperfine structure tensor withS = 1/2. 

This is understood by noting that Ir(IV), with the configuration 5d5, is the 

~ '· 
analogue of low-spin ferric iron. The strong spin-orbit coupling in this 
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heavy element tends to lift. some of the· quenching of orbital angula·r momentum,· 
I , 

hOwever, and the electronic g-factors are somewhat ·removed from the "spin oniy" . ··· .. : 

.value of 2.00~. Paramagnetic hyperfine structure has .not yet been observed in . 
. ' 

M8ssbauer spec:tra, but·· 1 t· should l!>e·._pr.esen.t. at>~·ao:w::!~-empexat.ui:es •·;:;:.,~Q.ua4rl.l.P~le 
' . . . . 

splitting; is expecte.d to .be small. in this nominally oc~ahedral· complex. 

~ ~. . . 
II . 

•! :: • j I B.- · Application of the Spin Hamiltonia:n 
. '. ·. 

I 

The a:ppli~atio~ of Ji · is, ·quite ·~traigl.,lt~orward. (B) ·The first· ~tep is . . . . s• ... 

to :evaluate t~e non-zero matrix. elements of Jis in I SIS?.I~). representation; 

'· 
··.form .the :(2S+l)(2I+l)-row (squ~re): energy mat:r:_-rx and 'diag9nalize it. Having 

. obtained ·the eigenvalues· and eigenvectors of grdund and ~xci ted states., one 

. must next. evaluat~ the intensities and polarizations o·f the· various. componeri'ts . 

by standard methods. of ·angular ~omentum th~.o~y. ( 9) The actual analysis of a·.··· 

. ! 

.spectr~ ,is most conveniently done in two quite distinct· steps. Fit:st.the hfs · 

paramete;rs are varied throughout the entire possible range and spectra are cal-· 
\I' 

' ' • I , , . 

yulated that may be compar~d with experiment t~_decide which range 'is the 
' 

correct 'one. ~ext a .least-squa:r:_-es fit may be done "ifith,in the allowed range 

until the best set of hfs paramete:r;-s is obtained. For a reasonably simple 

1' 

lo 
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~ the first s~ep can be done by systematic schemes such as the g-factor s 
. . . 

• (10) I 

diagram. A qu,adrupole diagram for the case.5/2(dipole)3/2 .is· illustrated 

in Figure 2. The indi~id~al multipole .term~·in~s are·discussed separately 

below, and together in section F. 

C. Isomer Shift 

The first term in ~s' t;1amely E~, gives the ~entroid ~shif~ of the ith 

nuclear state. ' It is electrostatic in o~igin, entailing Co~lombic interaction 
·. ' ..... 

•' ... 
.. 

of /tne electroni~ charge. distribution with the :fll~ca;ear'. -~h~,ge:.dts:tribut.it.t)r;l:; over 

. the .finite volum~ ·of the. nuc;l.'eus. 

· The Coulomb:j..c. ·interaction may ha·ve components of all. even tensor ranks: 

isomer shifts· arise from the monopole ( ze~o ra.nk) compon~nt .. 

1,___; ---· 
For heavy .elements the isomer shift may ·be especially large. It may 

be written(ll) 

' '(11) 
The symbols have .their usual meaning; . The four factors on the RHS are, 

respectively, the "constant", "nuc:t.ear" i "relativity", and "elec.tronic" ·factor. 

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

(' 



. ',,: 
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... . ~· 

r • ,• . : ~ : 

': .. 
. t': .. 

. . ·,:··. 
be.typical of· heavy elements (see below) •. The relativity factor varies .. 

strongly with Z/137, from 5.2 in Hf to 15.8. in Cm, compared wi'th 1:30 in 'Fe·. 

Finally the nuclear density of 6s valence ~lectrons in heav:Y ·nuclei is ·approx~· . 

. 26' -3 
imately a factor of ten larger than that.of the 4s electrons of Fe,~ 10 em .. · .'. 

compared wit~ ~ .10'¢.5 em -3. Thus while: shifts. of ,..., 5 xlo'-8 ev ~-~ obs,erved in 
., 

Fe57, shifts as .large 'as·.'.2 X 10-6 ev have l)ee;.:1· reported. in. Aul97. (l2) · 

.... 

Until now nuclear structure· the·ories have not been very successful· :in:· 

' . . . . . . \ ,. . 
predicting the nuclear. factor 'OR/R •. The single-particle nuclear shell 'model. is 

clearly too crude t9 give a reliable estimate of this_ :effect, though. it does tend· 

give the right order.of magnitude for odd-proton nuclei,(ll) and it g~ves.some 

theoretical support to the obser~tion that the nuclear.factor tends to be 

small for heavy odd-neutro~ nuclei. A: complete-theory of isomer shifts would 

have to consider!!! the particles within the nucleus, rather than just·the 

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

·significantly to: 'OR/R.(l3) For deformed nuclei the collective mod~l(l4 ) is 
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probably somewhat more reliable. For defornted nuclei in whichthe twonuclear· 

;· states in the M8ssbauer resonance are the two lowest.members of a rotational 

..... 
band the model predicts a very small positive aR/R a~sociated with centrifugal 

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

large contribution to BR/R, if the deformation changes between the excited and 

·- . (11} . . . (ll) . (15 16) 
g:r;ound states. This has led to the, prediction · ·and observation ' . .· 

of large isomer shifts near the edges ~f the region of:deformed nuclei. In Eul5l. 

(Ref. ll) and Eu153 (Refs. 15, 16) the large. shifts appear to arise from both 
I 

single-partic.le and deformation effects. 

Special care must be exercised when discussing isomer shifts in heavy 

elements to distinguish between the influence of s . and p1/ 2 electrons. The 

' small co~ponents of relativistic "p1; 2" electron wavefunctions are s-like 

( j, but not I., is a good quantum number for relativistic electrons), and there-

. 
fore they have a finite probability of being within the nucleus. Conversely 

' 

the small components of 11s" electron wave functions are p-like and do not· 

contribute significantly to ·l ( 0). This, however, has been accounted for in 

... 



.. :. . 

:·,· 

. . . .... . " ·~ . 

the .. 1somer.-shift 'formai1sm f~r;:. s . electro~s by introQ.i!ction ~f the relativity 
. ,.·· 

.factor.· {ll) 
,i 

This factor ia listed for· convenieince .·in ~able·. I. 
'· • .. · 

. ·:·.· 

·-.: 

· Non-linear shifts should also be mentioned.· By this we mean isome:r .. 

. . . . 2' . 
shifts that are not· Q.irectly proportional to (8R/R) times '1/J (0). ·Recently .. 

Atzmo~t .. and Ofer (l~) reported shifts ·in .. E~153 whose. ratios w'ere not directly' 

proportional to the ·ratios of shifts in Eu151 .tnvolving the same compounds .• ·" 

\. 

I . The, origin of this effect is not yet completely understood, but we can 'propose ·. 
. ! 

. -: ! ~.. I . . 

. two ~echanisnis ·.that will give. rise to such' nonlinear '{in ~2 (o')) effects. 
. . . ' . . . . . S· . 

Both. · · 

/ 
. 2 

lead to an expression of the form 8E = A(8R/R) + B(8Q: ) for the is.(Jmer shif~ . . . . , . 

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

.perturbation theory from the quadr,upole. component. of· l:fs; which we abbreviate. as 
,·. 

MQ' through terms of the form 

. {3) 
;. . ~· 

. . . 
Here n is the princip·le. quantum number· of a. closed p . 'shell and m .is t~at:' 

of a higher unoccupied shell. The largest. matrix element for heavY- elements· 

{\' .. a 

..... 
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-will arise for n=5, m=6, Physically this U).~chanisrn may be visualized as .the 

excitation, by the nuclear quadrupole moment, of a p electron.·from a closed 

shell into an open shE)ll, in order to, provide a field gradient at the ,, ' 

nucleus that can lo-wer the energy by interaction -with the 

quadrupole moment. Clearly the matrix element is proportional to Q and the 

shift, therefore, to Q
2• Sternheimer antishielding arises from an an~logcius 

i i 

mechanism, (l?) but the;r-e.the effect is -~roportional to Q, as the
1

J:iQ matrix 

element appears only linearly. No detailed estimate of this effect has yet .. , 

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

detectable isomer shift. 

A specifically relativistic effect that arises ·rrom essentially. the. 

same mechanism should also be mentioned, because it is likely to lead to quite 

large shifts in heavy elements. Associated -with the above nonrelativistic 

effect, proportional to Q2, is, for the heavy elements, a substantial attendant 

change in 1l(o) • This arises from the s-like small components of the p-electron 

-wave functions that are involved in this second-order excitation. Both the inner 

and the outer p shells make opposing contributions to this later.· shift, and 

·,., 

.. 



.· ', ,• . . . ~ 

; . 

. -14~ 
~ :. . . 

..... :·. 

. . . .; " . ' . 
their relative contril::n.ttions must .be assessed rather carefully. Since both· . 

. . • . . • : . ! . . ·. ' . . .• . 

. 8 ( Q~2-P.), where. . Q · and R_ .are the quadrupole_ moment and charge radius of a .. 
' 

given nuclear s-t;ate and. p ,, is the us~l relati~isti(! par~~eter. (ll) Finally 
· .. · ':7 ·. 

we could ~ite the total shift in the form ·-:··.·: 

--
" 

8E = A8(R2~) + B~(Q2 ) + -co(Q~~:e). 
····· 

·, 

Chemi~al bc:mding. will of course: have a ;profound effect on A, B,. aiJ.d. ,.c • .' qpecif-_ 
·,;: 

... 

/ 

·altered by bonding. 
. . '.' 

•. \ 

D. . . . ~ ·: 

·,·.,._' 

-. 
~ •-=1/2), and the. possibility of hyper fine structure is ·thus presenL - Up. til 

recent+-y this would· have been reg~ded ·as irrelevant because at high- t~mpera- ·_ 

tures electronic rel.ax,a.tion is usually fast enoqgh to 11avera.ge out 11 the magnetic . 

- . P,fs components to one line at the c·~ntr.oid- (or: to a ·quadrupole pattern_ if 

'. 
··p.-fo) ~ M8ssbauer spectroscopy tn heavY- _elements usually requires low tempera- . 

... 

tures., leading· to long relaxation times and consequent resolution ·of ·the 



·~ 
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magnetic hyperfine structure. 
. . 1 

The criterion for resolutio~ is that •>(6ro)- , 

where • ~s the electronic relaxation time and :nt:ro is the energy difference 

between· two hfs com~onents connec~ed by electronicrelaxation. The lifetime 

of the isomeric nuclear. state. is directly relevant only to the ·liriewidth of 

each hfs component. 

A. "hyperfine magnetic field",. Hhf' can'be defined by Hhf: AzS/yN. 
I 

I 

in the special case t}1at · only one of 
1
the. principle:, values ,of the· effect! ve 

magnetic hfs tens<;>r (Az in this case) is nonzero. Only thEm are the Hamilton-
J 

·' 
~ 

Hhf isomorphous. If Ax and/or AY is allowed to assume 

a nonzero value the magnetic hfs Hamiltonian is no longer diagonai :tn. II,Iz) 

representation and ~f is undefined. It is easily shown in first-order per-

turbation theory ~h~~.for the simple.~ase Az>>.Ax' Ay• with S=l/2, the degeneracy 

()f the levels js·~¢J/2, I =*1/2) is lifted, and. the positions of all save the· 
. . z . ' z ' ! . 

_lsz ::±1/2, Iz =ti) level are shifted. (B)_ For the common case of a M8ssbauer 

resonance ·involving a dipole tr~nsition between states .with nuclear spins 1/2 

and 3/2, this results in a ten-component hfs spectrum that is quite different · 

from the six-line spectrum associated with a hyperfine field (Fig. 3).· 
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·. • . 
. ·.: ·,0 ': 

. ... ~ i . ' .... ' . . . ". -~ ' .. ' . :. . ' . . ! ' 

Application of' an external. magnetic field along one ·of.:. the principle axes . , . . . . ' . . ' ' . ·. . 

.. •· . ~ ... 
· ·of' the magnetic .hi's tensor will di~gonaliz.e:.Ji· -~ri f~st. brd~z:, and the M8ssba~~r · ... ·,~ 

. . S . ... . . . . :. 'j 

'direction along which the external field is applied (i=x,y, ·or z). !n· P,ure 

paramagnetic compounds spin-spin interaction will usually provide a field 

sufficient f'or this purpose. Sufficient magnetic dilution should then.restohe 
I 

I 
··the more complex zero•~ield'spectrum.!· 

~ l 
I 

.I 

In estimating magnetic h;yperfine splitting i.t-is useful to discuss· 

/ 

hyperfine fields (as defined above)~· rath~r than ,coupling ~onstants, because 

nuclear magnetic moments commonly vary through more than a factor of ten. In· 
. l '. ' 

the actinide elements-unpaired 5f electrons are involved in producing hfs~ 

Orbital angular momentum is unquenched f'or these well-shielded elec:trons and 

can set up fields of' the order ~f 107 gauss, analogous to those foUnd ln the 

.. 
rare earths. In the 5d group fields'ofthis size are not to be expected. 

......... 

·'· 

·. ;·. 

•· 

'_. \ 

.• .. 

""1.3 X 106 gauss when dissolv~d in iron, and smaller fields in other. ferro..; ·· · ·' 
... ·· ~·. 

magnets. In :ferromagnetic intermetallic compounds such as Au_;m even· larger 

;. ~\. ·. 

··~ 

' •I I. 
;, 

L 
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. . 

. · (lB) - . · 
fields are possibl~ Elements.immeO.iately above and .below these four show 

·. . 6 . ( 
smaller induced fields, of the order of 0.5 X 10 gauss in iron,, for example. l9) 

In all of these elements the fields apparently. arise through Fermi contact inter-

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

Contact interaction(through core polarization) is also probably 

prilna.rily responsible for the observed 'tlfs in. paramagnetic 5d complexes of 

'· 

Re(IV), Ir(IV), and Au(II). The latter! two s~ow hfts constants· corresponding 

. I . 

to hyperfine fields of ...... 1/2 million gauss. (7, 20) This value can probably be. 

expected for paramagnetic complexes i~ the 5d group. 

E. Quadrupole Coupling 

. i· 

. In light .elements the quadrupol-e coupling consta:m.t provides a rather 

straightforward ~easure of the number of unbalanced p orbitals and the;re-
' 

fore provides valuable insight into chemical bonding. This latter is probably 

also t:rqfit f.or heavy elements, ·-although resuits to date., and theoretical con-

siderations, suggest that .the situation here.is far more complicated. Since 

j, rather than; £, is a good quantum number for the relativistic electrons in 

heavy atoms, th~ small components of the relativistic wave functions for the 

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

.. 

fif.t~ 
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Thus the p1/ 2 electrons have' .sl/2 -like .sm~ll components, while· .the. small. components:· 

of' _th~ p"5/2 wave. fun~tio?~. ar~ ~~~~lf·k~. (~d: conver~eiy)'; : ... et~.-·:.Hybr.id.iza:.io~ o~_: -: .~·:.::.: -~ 
• ~ ' ' ' • : r \,1 

. . . . - . 
electrons f'rom diff'er~t subs hells · (or different, majo~ shells)- can lead. to ·Gomplex _ ... : · 

problems in da.t·a analy~~s •. (2l) .. The compounds .of' Au197_. ~a~ a~e~dy provided 
.. ·.: ' .. 

. . . (22) .. . . 
several surpri'ses · anC:baxte discussed i~· Sect .. III below .. · 

Most heavy elements that can be studied by M8ssbauer spectroscopy.hav~ 

large natural linewidths,. of' the order o';f' 0.1 em/sec or greater• Fortunatel,y 
:, .. 

I .. . I 

the combination of' sizable quadrupole moments and large electric field gradients 

J. 

in compounds .of' ;several of' these elements provide.s•guadr.~poile splittings that ar·e ,, . . 

large compared with even this linewidth, For Au(CN);, f'or .example, M~ Faltens 

has found. AEQ ~ l.ib em/sec (Fig.l:;) .• 

F. Analysis of' He~vy Element Spectra 

To the ·chemist . accustomed to._.th~· high-quai~ ty-f'actor · spect.ra . ~f ·Fe 57. and . 
. ··. 

Sh:ll9 t~e analysis of' he~:~ovy~element : spec·t~a' P,resents several 'ne.W. problems and. 

some pitfalls. These difficulties can be handled bY.rigorous. adherence to the / .. 
spin-hamiltonian formalism, but in addition it is worthwhi.lecto.rrem~mb,er.::.·several. 

qualitative results, listed below~ 

·>. 

. ' 
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1. For most heavy~element spect~a strong crystal-field effects will 

.. 
perturb the electronic donfiguration sufficiently to lift most of the electronic 

. :...,' 

degeneracy, leaving a singlet (s~) or doublet (S=l/2).ground-state. Further, 

the magnitude of the crystal field will usually cause sufficient splitting to 

leave only the ground state appreciably (thermally). populated at low temperatures. 

The observed spectrum.may still, hO'wever, be a superposition of spectra from two 

OJ;' more inequivalent sites, as in the pa~amagnetic resonance spectrum{?) of 

Ir{IV)in KEirBr6, One' may.decide between these two alternatives by observing 

• the 'variation of the spectrum with temperature, applied magnetic field, or 

' 
(if a single· crystal is available) with orientation of the absorber. 

2.. For nonzero S one must decide which of the three .cases 

-r>>(~f1 , -r<<(.6ro(1 , or· -r~-l is present. Usually the zero-field Hamiltonian 

will not be directly applicable. If -r<< {.6ro) -l the spectrum will be a weighted 

average of the magnetic hfs components. If -r>>{.6:J)f"1 spin-spin interaction 

will serve to diagonali~e ~s in all but the most dilute samples, and will 

'( )-1 thereby alter the spectrum·profoundly. For -r~ .6ro complex relaxation spectra 

; . are possible. (B) 

'. 
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Often·, then~· th~ hyperf.ine .s~r~ctur~ .. in·. zer~::.erlern~l fleld nia.y· .~. · · · 
. . . . · .. ,, . . ..... .. · . ·.· .. 

·:, . . ., 

' ~· be r~presented by an effective' nuclear spin hamiltonian,· ·of the form : ·' . . ' ' . . ''" .·'·, ·-, .. '. ' ... ' .. ,·. 
' ' . '·' .: .. ··r 
·.t . 

. ,: 

. taken along the z '. , r.ather than along the x~ y~ or z' axi~ ;. Ther.e is . in general ·.· , .. 

. . ·· .. 
no assurance that the effective hyper.fine ·.field 'Will lie ·along. one of t-he prin~ . 

··.· .··.· .· 
.·. ~ ... 

. . . . . 

ciple axes of. the eiectric . field grE:Ldient tensor' and z'.' . niay therefore have any ·. · .. 

direc.tion relative. to. the .. ~z' c<;>BrdinatJ system~. iiigh crystal or k~1e~uJ.a.i. 
. ·' 

symmetry often .·simplifie~ ·J\ :sun furth~r, by making :1}~ or ·~ausin.g z' to. be 
. . . . 

/. 

4. 
..: 

Sdme special·symmetry. problems I!lay ·arise in he~vY:-elemenb spectra~ ... . 

.. ·· 
One of the most vexing is the case'· in 'Whl~h. a pooriy-r.esolved d~ublet ·1.s observed. 

for a r.esonance involving nuclear spins i/2 and 3/2,. ~s in rr191 ,. irl93:; Aul97 ,· 

etc. It ~Y be difficult to decide 'Whether the splitting is magnetic .and largest 

in the ·s~in..;l/2 state,· giving t'Wo unresolved groups ·of 3 or 4. lines, or 

'Whether it simply aris~s from quadrupole coupling. One may decide~bet'Ween these 

interpretations by making polarizatio!l measui"ements, observing the temperature-, 

magnetic-field- or concentration-dependence .of the .spectrum, or by ~coking for 

· .. 
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asYlllJ!1etry associated with an anisotropic recoil-free fraction (in the case of 

I· 

quadrupole splitting), but in practice these methods are not always feasible, ·and in 

. . marginal cases· and the question may have to be settled by indirect evidence . 

The isomer shift associated with a complex spectrum falls at its center 

of gravity, as does the isotope shift ill optical spectroscopy, but determination 

of the center of gravity is often a tricky process requiring a complete theoret.., 
' 

icai understanding of the spectrum •.. Serious errors can arise from ·failure to 

.. 
accourit for weak components far removed from the centroid, absorption by 

I' 

.. qverlapping lines, saturation effects, "anisotropic recoibf'r.ee fractions, or :far 

lines that ?ea.x•ly vanish by relaxation. 

If Iz is a good quantum number (i.e., if Ax= AY = .o) and P=O, the 

spectrum will be symmetrical about its centroid. If, however, Ax or AY is ~on-

zero, even' in the absence of quadrupole coupling, an. asymmetric spectrum will 

-
result • For P~O and rJ~O it is possible 'for the spectrum to appear. quite 

. symmetrical. 
~. 

Incorp6rating the resonant atom into a cubic .host should not in· principle, 

·and in fact does not,. necessarily eliminate quadrupole coupling. Either. dis~ortion. 
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of the unit cell by a· large si.ib~~g~tiori~(sol~t~ ·ato~(~3),;~.9~··c~ge. compensat-ion·<· 
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in neighbor~ng cells .. can· :provide nonzer.o field ,grE;t~iients· ~ ·. . ·. 
. ' . . . . . . . ·, ~ ' 

.•· . 

' ..... ~ .. 
II I.· RESUIJI'S FOR HEAVY .ELEMENTS . :. · 

. :_~ . 

The M8ssbauer effec_t has- been reported for 14 i~otopes ·of elements ·wi-th · ""; .. 

Z>72. i:n Table 2· the transitions in the heavy ·e-lements for which the M8ssbauer 
. . . 

. . ·. . . 
effect should b~ observable are listed. . ~lthough evidence of hy:perf'iile structure 

has been. f'ouna.·; in nearly every ~ase, the! hfs spectrum has been explained in 
. J 'I 

detai;t for only about 8 cases. · Only prel_iminary versions ef much of the work 

.··,· 

... 
'• .· 

. . . . 
. •. '· 

.in the heavy elements:. have been publish,ed, -so the following discussion must be· .. : -' · 

somewhat .tentati've in regB.fd to quantitative·results. ·The-resonances are dis-

cussed below in. o~der of' increasing atomic number. ,·,·c,· 

. . . (24) .· . 
Wiedemann et ~ ·.have r~ported resonant absorption using-'_· 

: . 

Lu metal and Lu2o
3 

sources and Hf metal an:d Hf'~2 absorbers. · The absorption spectra 

·' . . 

were wider than natural· linewidth, suggesting_(quadrupole) hyperfine strlict~e, but. 

\ 

a detailed analysis coul;_d not be made •.. The .~ar·ge line-width _and high ry-ray e~ergy 

re_nder hf's studies marginal for Hfl77 • 

. ... , . : 
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Tantalum-181. This tantalizing 6~5-keV resonance was first reported by 

.Cohen et al. (25) and· was st-udied in some detail by Steyert .e:t a_l. (26), who found, 
. ~~ 

... 

isomer shifts a.nd quadrupole splitting. The metallurgical problems associated 

-(25 26) with this resonance are very severe. ' : quadrupole bro~dening almost complete-

ly obscures the spectrum even in a cubic Ta lattice, and sensitivity to impurities , 

and vibrations is very high. When the problem of prep~ring a good single~line 

source is solved, however, this resonance w;i.ll provide an extremely powerful 
! 

I -11 . 
tool for studying Ta chemistry. The natural linewidth is only 6.7 ·x 10 eV,. 

' . 
·and the recoil-free fraction should be very large even at high temper.atures. 

Tungsten Isotopes: w183 ~ w182' 184' 186 .The'M8ssbauer effect has been 

repo~ted(2?) for both the 46.5 and the 99.1 keV transitions in ;.83 • The relative-

· ly large linewidths of the resonances render w:IJ.3~: les·s:. suitable· for -lifs studies. than 

the even isotopes. Of the three even isotopes, w182 is apparently superior to 

' the others in every respect. It ·has the lowest transition energy, the narrowest 

. lar . . . . (14) 
natural linewidth, and presumably the gest quadrupole moment.; · Well-

.182 . 
resolved quadruJ;>6le hfs in absorption measurements-on W. -have been reported 
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by t-wo groups .(
28

, 29) Field lg;adients. 'Qf: up to 2, 101B es,u: .. (i~ .ws
2

) have been 
. ·. 

-
reported, but no detailed.inte:rpretations in terms of chemfcal ~C?nding are yet 

available. 

M8ssbauer scatter~ng, rather than absorption,. provides an a.ttracti ve 

- c - ·' 

alternative technique for s~udying thes~· relativel.y high-energy transitions. (B0, 3l). 

Scattering greatly enhances the signal-to-noise ratio· for these cases, -while 

. ' 
. retai.ning most of :the good . features of absorption ~xper iments. 

' :· 
. • I. : . . (32) 

Rhi:mium-187. · Resonance absorption has been reported. . . The line-width 

. I. . . • . 

"(ld em/sec') pr·ecludes hf~ studies. 

...... 

Osmium-1.86 arid 188. The line-widths. of these t-wo resonances ·ar~ suf~ 

ficiently small to permit quadrupole. coupling studies,· and ·t:he .scattering 
. ' 

.· . : 
. . .. 

technique ·provides an adequate signal-to-noise ratio. Evidence has been fotmd 

for quadrupole interaction ·in Os metal. (30' 3l). 

Iridium-191 and 193. The MBssbauer ef:f;ect -w~~· ~rigilially discov~red(33) 

in· the l29~keV .transiti~n of Ir191 •. Although this. reso~ance if?. not sufficiently 
... ·.· .·.· .. ·· . · ... _- . . ... ·. . .. · 

narro-w for hfs stud.ie!3,· the 83-keV transition should be ·auitahle .. sem:iconductor · 

"t-ray· det.ectorf? are capable of resolving this -y ray from the x-rays accompanying 

• < 

. . ~ ... 

~ 
·-ri~ 
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the decay of Pt191 •. Still the 73-keV transition, in 1~193· seems preferal;>le for 

most purposes, being both narrower and lo"Wer in.energy. With a natural line-

r" 

width of only 7.4 x 10~8 ev, and a ground-state quadrupole moment of + 1.5 

.barns, (34) Irl93 is very promising for chemi.cal bonding studies. No detailed 

reports of hfs spectra have been 'published as yet, but Thomson et al. (35) have 

studied Kirc16 , Ir02 , and hydrated Ire~, Irc14, and Ir2o
3

, finding isomer 

· shifts and, in the case of Ir02 , a· quadrupole splitting O·f3 .o rom/sec. J. 

Huntzicker et al. hav~ resolved the eight-line magnetic hfs spectrum of Irl93 

in,~ iron. metal.(36) 

Platinum-195. Harris et al.(37, 38 ) haye studied both the 98:.9,.keVand 
. . \ . 

the 129.7-keV_resonances, using P't metal sources and absorbers. No.shifts or 

hyperfine structure were reported. It would be interesting to compare e+ectric 

f~eld gradients and· isomer shifts·in-~latinum compounds with those .in isoelectronic 

gold compounds .(see below), .but the large linewidths of these resonances may pre• 

elude such work. 
. ' . . . . . . 

. Gold-197. The 7;.3•keV·resonance .in All97, connecting. the 1/2+ first-

·excited state .with the 3/2 + ground state, is by far the most thoroughly explored 

c;:ase in the heavy el~ments •. Nagl~ et aL (3:9) first reported resonant absorption 

·.~ 
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It. has been studied ·exten.si vely by groups· a~ :oak Ridge· and Berkeley~ 

Co, ·Ni, and ih the intermetallic c.ompounds Au.;J!m, Au;}ftn, · a.nd.Au4Mn. ~lthough 
; 

the ground-state magnetic components PaVe been only partially resolved, quite 

· ./ . . accurate· determinations ·~f Hhf for: Au in Fe have been· made: the most precise· 

value is (1.29 ± 0.03) X 10
6 

gauss. (42 ) . This case (Au in Fe) has been important·· . 

j . i 
in leading to an understanding of the syst~matic Variation ·of induced hyp~rfine . 

. ' ' 

fields in ferromagnet a •
1 

(l9) 
. I 

No. parama~etic. hfs has yet been observed in Au +2 . . 

'' complexes. ' 
'· 

Isomer shifts.have been studied in a variety of environments.· As the 

first oQ.d-proton nucleus showing .an apprec'iabl~ isomer shift,. A~l97 offered 

promise that the .shift might be ~uantitatively interpretable in terms of 

· · nuclear ~ode~s~ <43) More detailed-descriptions of the nuclear levels. in A~l97 

leave doubt. that the nuclear sh'eil model is a. siifficiently good app~oximation 
~ . 

to nuclear structure to provide' a pl.S.usible quantitative interpretation of such 

I" 

a .se~sitiv:e p~am~ter ~s 'OR/R;. Pairing-niodei _calculations suggest high sensi-

'. 

tivity of 'OR/R to. smearing of the Fermi strr.face;. because o.f ~ying occupation 
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: ·. (13) 
of the h11; 2 orbitals. · Alaga has obtained quit~ complicated eigenfunctions 

for the Au197 levels. (44) De-Shalit has suggested that Ati197 exhibits "core 
J 

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

. . 

of a single particle to a higher orbital. (~5) The nuclear-structure problem in 

Au197 thus appears to be far from solution, and any quantitative inroads on 

the isomer shifts in the near future will have to be made through the electronic 

factor. 
., 
! 

' i 
From: isomer shift measurements in J:?.ineteen metallic hosts Barrett et 

a{.(l2) concluded that the shifts were strongly correlated with host electro-

negati vi ties. Gold atoms gained' ( 6s) electron density in the other, 'more 

electropositive, metals, tending to form.Au- ions. It is interesting that the 

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

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

One concludes that chemistrl is very ~mportant even in metals, and that a band 

theory that neglects chemiGal interactions has little value in predicting 

'isomer shifts. Roberts et al. have recently provided two independent demon-

strations that the electron density on Au197 in other metallic hosts is larger 

•. f cl•.• 

~ 
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. . 
than in:Au metal. The firs.t owas a correl.ati,on of residuai. electrical resistiv- ... 

ity with isomer shifts .. 'f.or several dilute ··a~loyf:1, (46)o.s.fng: the alloy theory 
J 

of Friedel. A more recen,t high-pres13ure expe:dment has shown directly that · . .. ' .. 

· · . I · : . 1.97 · < 18) · 
the ··.nuclear facto:j:', 5R R, for· Au · is posit~ ve. . · 

·The observation· of large isomer. shifts for Au. atoms 'in metallic hosts· 
.. ~· .. 

opens the possibility tbat the M8ssbauer effect. might· be' particuiarly_ appli<" .. ·.: 

cable to studies of chemical bonds. in lntermetallic compo~ds. Unlike the 
·! 

more classical forms of chemical spectr.o13copy, · M8ssbauer spectroscopy is as. 

• t ... 

I •. 

_applicable tq: intermetallic cqmpoulids as to die~ectrics, Much of our presently· 

rather· limited understanding of iritermetalli~·bcinds 'is derived-from'rather. 

equ~vocal arg~ents based-on 11bond ·lengths" and·"b~nd angl~~", and more direct 

spectrosco~i~ evidence is certai.niy nee(ied. · '.Both is.Om~r shifts and . quadrupole 
; . 

·. ,.., .. 

: .~l 

· · · . . · · · . ·- · ·1~n (12 18 22) . 
splitting .. have been observed in intermetalli~. compound.s- involving Au. · , · ' ' · .. 

. :·. 

but definitive interpretations ar~ not yet ayailab~e~-

' .. ' j-• 

M8ssbauer spectra. of Au2_WJ. have bee~ f~und ·_to be extremely sensitive to 

~eat~•- and ·mechanical-treatment (and hence. t~ l<?ng-range ordering), leadi-ng .to· Yar.1a-· 

. . . 
. (22) 

tio~ :of: ·over. -.. a. factor, of four in the width of the hfs absorption spectrum.. ·' 
;.• 

'. 
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Mtlssbauer spectra of Au compounds offer a splendid opportunity for 

j 

spectroscopic study of. chemical bonding in heavy eleme~ts. It is already 

evident that. some of the hybrid bonding rules applicable to the lighter 

· elements -will require substantial :modifications -when(} applied to gold. An · 

. ·early illustrative example -was provided by the quadrupole coupling constants 

for aurous and auric co~plexes. (ll) These.tend to be linear and square.:. 

planar'· respectively, and are textbook examples of sp · ~nd dsp2 hybridization. 
i 
I 

One.might therefore expect that the quadrupole coupling constants in Au(I) and 

Au'(III)' compounds -wou,ld be essentially the same, inasmuch as these two hybrid 

configuration's have the· same number of "unbalanced p electrons". M. 0. 

Faltens. has: collected spectra of many Au compounds, -with some surprising. 

. (22) ( results. In particular, the Au III) ·compounds tend to yield quadrupole 

· splittings an order of magnitude smaller· than thos,e of the Au(I) compounds. 

Well-resolved:quadrupole hfs for KAu(CN)2 -was sho-wn in Fig. 1. For Auc14 

complexes the.t-wo lines are unresolved. 

Neptunium-237. Stone and Pillinger(6) have reported the on~y successful 

experiment o:p the Np237 resonance. Their observation. of Mtlssbauer absorption 



.. , \' 

\. . --~ ,. :·. 

' ;~. ' -

follow:ing a: decay is inter.esting be~a.use it l.B.ys :to ·.re~t. a:.. good deal of ill~ 
. . ' . ': . .· 

;' 

founded discussioJl about whether: or· ·not· r.ecoi:J;-free absorption was possible·. ·-· .. . : '::.,~ · ... 

'·. . :·· 

after ¢vents .involving large r~c·oil energy '(a de.c.ay~: "nuciear reactions., 
. ·:, ., . 

coulomb excitation)~ ·.Stone 8Jld ·Pilllnger ·observed,. broad. comple~ spectra usi~g·: ·. 

. . . . . . : . ·2.37 24i' . 
. an absorber' of NpQ2 . a:nd sources. of both u- · and Am · · in Np0

2
• 

' ·.~ 

It seems difficult to imagine that-;t'ecoil-;free gamma transitions .. _ 
:.•· 

i 
• I ,. . 

would not occur following the .high7recoil processes·mentioned_above. 
. -~ . f ..... 

. •I' ;.,,. • .• ! •) .. : · . 
• ! ~ • • •• -. '\ • -~ -. '(_'. •• ~ 

recoilihg ion s~ops fn time intervals 1that'. are several orders of magnitude::.·< .. ·'• . 
... . . ··,·, 

.; 

. '(47) . ---237 ... 
shorter tha.ti ·the. isomeric lifetimes. Whether tpe ·Np . atoms in,· t}?.e 

'·.-

... '•. 
' "' ... ~ .. ·. 

I< • ' '· ' • 
·.·., 

above experiment have stopped in lattice positi'ons 'or· in interstitial 'positions 
! .: . 

i ' 

. remains an o];)en question.· Very probably both posi tiona: !U"e p~pulated. I;n ._· . 
.· .. " 

·either case large re~oil-free fractions are· expected for the 59.6 .. keV trB:lls.·i-

tion. ~ullen<48 ) has based the conclusion that lattice positions are preQ.om-

inantly occupied on arguments -involving:the recoil~free fraction~ 
. . . ~ ·~ . 

·, 
This .. 

conclusion seems unfounded 1n.light'of·t}1e.-1mpossibility of der~ving a.'reco~l.; . 

·I . 
·: free fraction ffom the existing ~~solved spect]:'a. · While there -~y in fact be 

; l 

. no recoil-free interstitials; tJ:le. q,uestion: is at th,is point.- ~omplete'i.y open, ,and : . 
. \:. 

can be-resolved onlywhen the absorption spectrum is understood. 

... 
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Table 1. Relativity Factor S' for Heavy Elements. • 

Element S' Element . S' 
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Os .6.0 u 12.9 

Ir 6.2 Np . 13.6 

Pt ?·5 Pu 14.3 
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Table·2. (Continued) . . 
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Fig. 1. · Absorpti~n spectruni of KAu(CN)
2 

o'Qtained' ;by·.:M>:Q·._.:F~itens, .shoWing, . ·:· 
. . ' .· . . . ' . . .· . : . ·-· 

.· ' .. 

•. ·' ' . , . 

. ., 

caused: by line~ .( "sp") b.ond.i,ng. 
. . ···. 

Fig. 2.~ Quadrupole diagram, showing ali the :possible M8ssbauer spectra .for·.· 

a: resotiance in a dipole trans! tion connecting states with spins 5/2~'land . . ! 
ti 

; 

. · 3/2, if'. T}=O •. ·on the l-eft, the. (~onlinear) ordinate scale is the ratio 
. - l . • . 

i · of; quadrupole mom~nts in the ,.:two states •. The relative ·intens·ities of 
) 

. the -five hfs components connecting. 'the 3; levels of the spin -5/2. state 
. . ,/ . 

(top and. bottom) with·, the tv!io.levels o'f 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 hf_s. ;L~vels. and spectra for a 3/2 (dipoie) 1/2 transi-

'; 

tion und.er. the hamiltonian ;u·s = AxS,(-~ + .f'..ySiY + AzSziz, with .S=l/2. 

For ~s .(i~gonal in Iz -representa~ion (left) the. spec:trum c~uld be repr~~ .. 

s~nted _by a "hyperfine. field". For: a more general case (ri~ht) the 

_ spectrup1_ is· mo:a;-e complex _and: is .as~etric. The !'six-line" Fe57 spectrum 

would shpw ten ~ompone~ts. A detai.led discussion is given in ·Ref •. 8. · 
; 
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