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Figure 1. Hftllge.~ of isomer shifL for iroll. 
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(2-3 mm/scc). On the other hand, low-Rpin ferrous 
ion shows very small quadrupole Rplitting and Jow­
spin ferric somewhat larger. 

In our discussion we inelude two general topics: 
the effect of pressure on the isomer shift and thc oxidation 
state of iron as a function of pressure, and two cases 
whcre l\lOssbauer rcsonance has revealed informat.ion 
on specific systemR, ferrocenc and a-Jo'e20a. 

Isomer Shifts 

It should be understood that the interpretation of the 
effects of chemical environment and pressure on t.he 
isomer shift is an open question. We introduce it here 
in part to encourage more work, both experimental and 
theoretical, and we express opinions which are certainly 
subject to possible revision. 

Figure 1 shows typical ranges of isomer shift for iron 
in various environments (by convention, the smaller thc 
isomer shift, the larger the electron density). There are 
several saliellt features. Iron as a dilute Rolute in tran­
sition metals exhibits a modest range (0.4-0 . .') mm/Rec) 
of isomcr shift:; considering that the solvents have from 
one to nine :3d electrons. Evidentally the 3d electrons 
of iron are not totally integrated into the solvent 3d 
band. High-spin ferrous compounds lie in a relatively 
small range at very low electron density because of their 
nominal 3d64so configuration. High-spin ferric systems 
lie at considerably higher elcctron density with a modeRt. 
range of isomer shifts quite distinct from those of ferrous 
ions. The compounds covered include fluorides , 
chlorides, bromides, sulfates, phosphates, acetal es, 
oxalates, citrates, thiocyanates, etc. Sincc the ferric 
ion is usually assumed to be more covalent than the 
ferrous, the small range of isomer shifts exhibi ted iR of 
interest for the later discussion. The final classification 
in Figure 1, "covalent," is ambiguous, but there are 
certainly molccules such as ferrocene or the ferro- and 
ferricyanides which exhibit a high degree of electron 
~haring, and crystalR like FeS21 FeSe2, 1<'eTe2, Fe]>, FeAR2, 

etc., which have no easily describable valencc. AR one 
might. expcct, thcRc materi alR sho\\" a large rangc of 
isomer shiftR. 

Ingalls lO found empirica lly a linear corrclation bc­
t.wecn the maximllm of the ~d radial wave function 
squared and the ~s density at the nucleu:; using Hartree­
Fock free ion wave funct.ions. A variational calculation 
pcrformed to detcrmine the effect of changc in shapc of 
3d orbitals, going from the free ion to the metal, Oil 35 
denRity at. the nucleus indicateR t ha t Illgalls' corrclat.ioll 
is still valid for thc bund functions, some of which havc 
largc electron dcnsities in the tail of the orbital. Thus, 
in t.he interprctation of the iRomcr shift in terms of 
covalency, one must consider that the isomer shift is not 
necessarily sensitive to electron density located betwecn 
the iron ion and the ligand, a normal criterion for co­
valency, but only to the associated change of ~d dcn~ity 
on the ion. 

In Figure 2 arc plotted thc isomer shifts of several 
high-Rpin Fe (IT) and Fc(llI) compounds us u fUllction 
of pressurc. 9.11 -13 AlmoRt all " ionic" compoullds 
studied fall withill the limits showlI. Several fact s me 
evident. For all compounds therc is an increu"e in 
electron denRity with increasillg pressure. The ferrous 
compoundR sho\\" slightly more change than the ferric, 
although there is no consistent difference in comprcssi­
bilit.y. The change for ferrous compounds is 10- 12% of 
the over-all ferrous-ferric difference in };')O kbars-a 
nontrivial effect. The rate of change with pressure 
drops off more rapidly than 61' / 1' for mORt ionic com­
pounds. Figure 3 iR a corresponding plot at double 
scale for relatively covalent compounds. Pyrites, 
ferrocene, and I\4Fe(Ci\)6 all show large changcs in 
isomcr shift, although pyrit.e is quit.e incompressible l4 

and the Fe-C bondR ill ferrocenc and ferrocyanide are 
surely not very compressiblc. The acctylacetonate is 
apparently rather covalent, although it iR high Rpin. 
It exhibits a decrease in electron density at low pref;sure 
with a reverRal at high pressurc. 

Therc are two factors \"hich would changc the electron 
density at the nucleus with compression: (1) changes 
in orbital occupation (these could be either transfer of 
electrons to or from the 4s levels, or transfer to, from, or 
among the 3d levelR, changing the shielding of the 3s 
electronR); (2) diRtortion of the wave functiolHi--cithcr 
compression of the s electrons or the Rpreading of the 
3d electrons mentioned earlier. The first factor un­
doubtedly is important in the caRC of the "covalent" 
compounds of Figure 3. We do not believe it is signifi­
cant for the systems of Figure 2. 

There are two basically diffcrent theorctical ap­
proacht.'s to the iRomt.'r Rhift, both attt.'mpts to evaluate 
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F igure 3. Challge of i~omer shift VS . pr~slll"e diagram for ';co­
valent" compollllds. 

Ct (or t.R/ R ). Walker, et at., l . have assumed that the 
configurations of Fe(II) and Fe (III) are 3d64so and 
3ds4so and have used the difference in measured isomer 
shift (.......,0.9 mm/ sec) as a scaling factor. On this 
argument , one would explain the effect of pressure 
entirely by reduced shielding because the 3d orbitals 
have spread out, as discussed earlier. This explanation 
was used by Champion, et at. lIOn the other hand, 
Simallek and Sl'oubec I6 assume that compre. sion of the 
wave functions is the major factor in the pressure effect 
and use the pressure data to evaluate Ct , obtaining a 
number about one-fourth the magnitude of that derived 
by Walker, et al. Gol'danski 17 and Danon l8 arrive at. 
values similar to that of Simanek and Sroubec on more 
intuitive grounds. Simanek and Sroubec would assign 
t.he difference between Fe(II) and Fe(III) isomer shifts 
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entirely to fractional occupation of the 4s levcl in the 
latter case. 

Insofar as we can estimatc, neither effec t is insignifi­
cant . There arc several factors which makc Us bclieve 
that the change in shielding is morc important . (1) 
Both the range of at.mospher'ic isomer shifts and the 
range of changes with prcssure are qui te small. These 
include ligands wi th many different propensitics fo r 
electroll :-;haring. If occupation of the 4s level:-; were an 
important factor, one would expect a large sprcad in 
isomer shifts. In fact, it is difficul t to reconcile the 
:-;mall spread of isomcr shifts olmervcd with the rcsults 
of molecular orbi tal (LCAO) calculations which indicat.e 
a high covalency for Fe(IIl) which vuric:-; widcly with 
the ligand. Apparent ly this type of wave fun ction is 
adequate for calculating energy diffcrenccs observed 
optically, but is a pOOl' approximation to the amplitude 
of the ground statc as seen at the nuclcus. As mcn­
tioned earlier, changes in the tail of the wavc fun ctioll 
are no t necessarily refl ected in the shape of thc inner 
part. (2) Thc change in isomer shift wi th prcsslI1'c docs 
not cOlTelate with the compressibilities, a:-; would be 
expected from compression of the s electronic wave 
functions, but ferrou:-; mat.erial:-; do tcnd to show a somc­
what larger shift than t he ferric materials, which would 
be expected if the dominant mechanism werc changing 
of the 3d shielding. (3) Band calculations for iron 19 

indicate that wi t.h decreasing interatomic distance t.hc 
encrgy of the :{d part of the conduction band lowen; ill 
energy vis-a-7:is the 4s part. :\[easll1'ement.:-; of the 
change of isomer shift with pressure3.20-22 combined 
with the analysis of Ingalls lO are more consi:-; tcnt with a 
large lIegative value of a as predicted by Walker, et al., 
than wi th the :-;maller magni tude calculated by Sima.nek 
and Sroubec. One Can relate t his to thc dominant role 
of changing 3d shielding. We wish to emphasize, how­
ever, that the change of isomer shift with environment is 
still an open question, and an interesting one. 

The Oxidation State of Iron 

As discussed in the previous sections, the :'II6ssbaucr 
spectra of high-spin Fe(lI) and Fe(III) are entirely 
different as regards both isomer shift and quadrupole 
splitting, so that it is easy to estimate the relative 
amount of one oxidation state in t he presencc of the 
other from computer-fi t areas. Although the difference 
in spect r'a for low-spin states is less spectacular, t he cal­
culation is still possible. One of the most inte resting 
resul ts of high-pressure studies is the observatio n that 
ferric ion reduces to the ferrous state wit.h pre. sure, and 
this is reversible, with some hyst.eresis.9.11- 13 Typical 
spectra appear in ref 9 and 11. A greater or lesser 
degree of conversion has been observed in FeCI:!) FeBr3, 
KFeCI4, Li3FeF6, FePO~, Fe2(SO~h, Fe(:\TCSh, Fc-
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