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H H Méssbauer Spectroscopy

INTRODUCTION

Relative number of particles

Ma&ssbauer spectroscopy. which will be abbreviated as MB v.vnn:dmnmi
in this Text, involves nuclear transitions which result from the mcmol_.mco. {
of y-rays d%ﬁ%n sample. The conditions for absorption depend MvoA M
the electron density abo''t the nucleus, and the nurhber of peaks mmﬁ:ﬁ PR
is_related to the symmetry of the compound. As a result nosmaﬁfu.m
ruct nformation can be obtained from MB Spectra. i
mnﬁmnﬂﬂhaww:a the principles of this method, mnmﬂ.no:maoﬁ(@mo&%
system consisting cf a radioactive source of y-rays and the sample which"!
can absorb y-rays. When a gamma ray is emitted by :ﬁ. source. nucieus,
it decays to the ground state. The energics of the am:.:.:& y-rays, E;
have a range of 10 to 100 kev and-are given by equation {1 1-1)

JE,=E.+ D -R

ground 'sTAt& of the source nucleus; D, the Doppler mE.n._wu, due %nw :
trafgslational motion of the nucleus, and R_is the ] energy o the;
nuoleus. The recoil energy is generally 10-2 to 1073 ev and is given

the equation:

3

<

-m_: MB-spectroscopy the sample and source nuclei are the mwpot and
sthe energy of the y-ray absorbed for a transition in the sample is given by:

E,~E+D+R | Y113

In this case, R is positive because the exciting y-ray must have energy
necessary to bring about the transition and effect recoil of the absorbing
nucleus. The quantity D has the same significance as before. The curve
in the right half of Fig. 11-1 shows the distribution of y-ray énergics

necessary for absorption. The relationship of the sample source
energies can be seen from the entire figure. As indicated by the shaded

thesource will match that required for absorption by the sample. Since

! - . . ;i
whert m_is the mass of the nucleus and ¢ is the velocity of light. Theg

from the source will-

hat the y-ray

engrgy of a y-ray emitted from a nucleus moving in_the mmﬂmd:‘nnr.w.,w«, Clear “in_the:sample. The main cause for | of
as the emitted ray is different from thc energy of a %-_.mk.oamz& ?o:._.. Zavenergies isThelrecoienerdy. If this quantity, R, could be reduced,
nucleus moving in the opposite direction. The distribution o.n;.ozo@ww of nma.Ecsm prasi, transiton could be Tound, the Sample
resalling from the translational motion of the source nuclei in marl would have a higher probe hing v rea~ s

dirgctions is referred to as Doppler broadening. The left hand cur.
of Fig. 11-] represents_the distribution of energics wﬁa.b::mnﬁaﬁ.
£, resulting from Doppler broadening. If the dotted line in Fig. 11-1F

taken as E,, the encrgy difference betwe

_indicated by equation (11-2), R can be decreased by increasing, m, the
- Mass. This can ro,nn.oQ& by placing the nucleus of the samnle d source

en the nuclear ground ani
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Fig. 11-1. Distribution of Energies of

Emitted and Absorbed y-rays.

i region, there Is only a very shght, probability that the -ray erergy frowm

= MHB a crystal so S,ﬁ.ﬁn mass is effectively that of the gries~" Teshies: ne.




Y _equation (11-2). For this reason, MB spectra are almost always
>blained on solids employing solid sources.

By placing our source and sample in solid lattices, we have not effected

recotlless transitions for all nuclei but we have increased the proba--

bility of a recoilless transition. The reason for this is that the energy of
the y-ray may cause excitation .of lattice vibrational modes. This energy
term wGJld Tunction in the same way as the recoil energy in the gas,
i.e., it would decrease the energy of the emitted particle and increase
the energy '_required for absorption. Certain crystal properties and ex-

perimental conditions for emission or absorption will leave the lattice

in its initial vibrational state, i.e., conditicns for a recoilless transition
will be satisfied. It should be emphasized that these conditions simply

determine the intensity of the peaks obtained, for it is only the number .

of particles with matching energy that is determined by this efieci. We

shall not be concerned with the absolute intensity of a band so this

aspect of MB spectroscopy will not be discussed. It should be mentioned
however that for some materials (usually molecular and not ionic solids)
lattice and Eoc_%:m:o:m_ modes are excited to such an extent
3,2 very few recoilless transitions occur at room temperature and no

0 — = R I N
spectrum _is_obtained. Frequently, the spectrum can be obtained by

lowering, the temperature of the sample appreciably. This subject 1s
treated in references 1-4 which contain a more detailed discussion of

i with the chemical environmént that resul{ in small
changes in the energy required for absorpti~n: (1) resonance line shifts
from change in electron environment. (2) quadrupole interactions, and
(3) magnetic interactions. These effects give us information of chemical
signifiCnce and will be our prime concern.

Before discussing these factors, it is best to describe the procedure for
ovﬁwasm spectra and to illustrate a typical MB spectrum. The o_no:,oas
environment about the nucleus in the sample affects the energy of the
y_particle necessary (0 eflect the nuclear transition in the sample from the
ground to excited state. The energy of y-rays from the source can_be
vaned over the range of the encrgy differences arising from the electron

oVIrEquIredy ,..“M

environment by moving the source relative to the sample. The higher

the xelogity at which the source is moved toward the sample, the higher
'he average energy of the emitted y-ray (by the Doppler effect) and vice
. —

Mh vi~nes MB specirum consists of moving the source relative to
fe sample until the source velocity at which maximum absorption of

n
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i i ider. as a simple example, the MB spec.- .

_ravs occurs is determined. Consider, | 3
w.,_.ﬂ?_w\om Fe™ Fe(CN), (Fe" and Fe®* designate strong and weak field
iron (111)). This substance contains iron in two a.ﬂﬂni chemucal o:,.\ﬁ__.os-
ments and two different energy y-rays are required to effect transitions

i the different iron nuclei. To obtain the MB spectrum, the source is

moved toward the fixed sample at a certain velocity and the .::Bcn_._ of
y-rays passing through the sample are counted. The vh.oooa:_.m is _dnomﬁo.a
for a whole series of source velocities, and the corresponding count is

plotted (as in Fig. 11-2) to_produce the MB spectrum. ._.:M peaks corres-
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L ] Fig. 11-2. MB | Spectrum of

FeFe(CN),.

pond to source velocities at which maximum v-ray absorption by the
sampie_occws. Negative relative veiocities correspond te mneving the
source away from the sample. . _

The relative velocity at which the source is being moved is plotted
along the abscissa of Fig. 11-2, and this quantity is relatéd to the enerpy
of the y-ray. For an Fe* source emitting a
changed 4.8 X 1077 ev or 0.011 cal mole

imposed upon the s

e

14.4 kev y-ray, the energy is
| ~! for every cm sec-! velocity
Pon the source. Relerring back to the abscissa of Fig, 1.2,
one sees that the energy difference in the nuclear transitions for Fe? and

mm_“ms FeFe(CN), is very small. corresponding to about 2 X 10~* ey,
It can thus be seen that the MB spectrum in Fig. 11-2 resembles IR, UV,
and NMR spectra in that intensity

15 plotted against f requency or ener
of the radiation. ®

The peak in the spectrum in Fig. 11-2 a1 0.003 cm sec™! is assigneds
1o Fe" and that a1 0.053 10 the cation Fed+ by comparison of this spectrum
<.<:: those for mgn complexes of iron. Different
line positions which result from differ nemical environments are
indicaled by the v

ad city in units of cm sec-! or
mm_sec ! ] 1
{fts or chemical shilts. he
e o s
We shall now proceed with a

!

alues for the source velo
and are referred 10 us isomer sh
symbol & is used to indicate an isomer shift.
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brief, qualitative discussion of the various factors affecting line position
and shape of MB spectra.

The two &.m.ﬁﬁ: peaks in Fig. 11-2 arise from the isomer shift. The

isomer shift arises because the electron density af rhe nucleus interacts
with The posi

9 . |
tive nuclear charge, and the relative energies of the grounc

INE SHIFTS FROM CHANGE IN ELECTRON ENVIRONMENT B

and excited nuclear states are affected in much the same way that post-
tive nuclear charge affects the energy of the electrons. Depending on the
relative change in energy between the ground and excited ==n._8a states
by_interaction with the ‘electrons in various chemical S&:.onan:?
different energies will be required to induce transitions in various mater-
mgo: of the nucleus with an electron will depend upon the
/alue for the wave funciion of the cleclic - Only efceiron
density in the s orbitals has a finite value at the nucleus, so m_%m:o:m in
FJHEE f orbitals can affect the isomer shift only by screening Eo. s
elegtrons from the nuclear charge. The interpretation of isomer mr._m
datTis complicatel by these effects. For Fe® it has been .mross. 9.2 in-
creasing s electron density at the nucleus produces a :nmwsﬁ.mrm in the
value for §; i.e., a smaller positive number or a larger negative :.:a.na
_corresponds EME:Q s electron densit e nucleus. The shielding
'by the 3d electrons has beer computeds for iron(111) and the q.nmc_a
applicd’ te the interpretation of 1somer shift data in some spir-frec
iron complexes. A quantitative correlation between & Ea..,, electron
density is proposed in these complexes. The sign of the shift ao.vosam
upon the difference between the effective nuclear charge radius, r,
of the excited and ground states (r.,> — r,?). For the Fe® nucleus the ex-

+ cited staie is snialler than the ground siate, and an_increase E %]:&Q
produces a negali ~This 1s not necessarily true for other isotopes.
It should be mentioned that the isomer shift measured is actually the
difference in s clectron density of the sample and the source. 1oq|maw

a vajue of zero indicates the same s electron density about the sample and
sQurce_while a negative & indicates (he sample has more s electron
density-at the nucleus; and vice versa. Thus the composition and proper-
ties of the source are very important. These factors and other cffects

which contribute to the magnitude of the resonance line shifts have been
reviewed.!

gm INTERACTIONS

If the ground or excited nuclear configuration possesses a ncmaEmo_a
moment, the energy levels in that state will be split to an extent, AEq,
1\. p— -

S i s
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depending upon the magnitude of the quadrupole moment and the field

gradient at_the nucleus. This is the same type of splitting discussed in
NQR spectroscopy. For a single asymmetric chemical environment about

the nucleus, muitiple peaks are obtained in the MB specirum COrTes-

—_—
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(a) (b)

Fig. 11-3. Nuclear Energy Levels - g
for the Ground and First Excited s
Stafe "of an Fe® Nucleus. (a)

” : Zero field . gradient (b). An ap-

preciable field gradient.”

ponding to transitions involving different ofentations of the quadmipole
moment of the ground and/or excited states.

For Fe®, the ground state has an / value of 4, but the first excited state
has_a value of 1. When there is no field gradient at the nucleus, the excited
levels are degenerate; but in_the presence of a field gradient, this level

is split. In mx_mu_w symmetiic ields inear, squarc planar, elc, there
N s~ ~

—
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Fig. 11-4. MB Spectrum for Fe(CO)s at Liquid
Nitrogen Temperature. From L. M. Epstein, J.

— 3 Y D (O (O Chem. mvkwh.. 36, 2731 :WQNV
-04 0 04
cm sec”!

are I +4 &mnhnEné_m for half-integral spins (3, $, , etc.) and [ + |

di crent levels for integral spins (/ = 1,2, 3, etc.). The splitting of the
excited state will not occur in a spherically symmetric field but will only
occur when There 1s a field gradient at the nucleus caused by asymmetric

s_electron distribution in a compound. A field grad. -nt_exists in the tri-
gonal bipyramidal molecule iron pentacarbonyl, so a splitting of the
nuclear excited sfate is expected. The
nated by arrows in Fig 11-3)
indicated in Fig. 114,

wo expected transitions (desig-
give rise to a doublet in the spectrmm,8 as




ct is analogous to the Zeeman splitting of atomic
orbitals by a magnetic field. The magnetic field at the nucleus produced by

the“SUTToundings,_can interact with the nuclear magnetic moment. This
interaction canses a removal of the degeneracy of nuclear energy levels.

The nymber of different levels obtaingd from this effect is determined by
the magnetic quantum number of the nucleus

. In general 2/ + 1 valdes
(+1... ., =I) can be obtained for a given nucleus where I is the nuclear

spin quantum number. A whole series of transitions can occur to and from
these different Tevels in the ground and excited state. The selection rule

is: Al =0, =1, Splitting from this effect is commonly observed os_ﬁs
ferromagnetic or antiferromagnetic crystals.

APPLICATIONS

Many applications of this technique which are mainly of interest to *;
physicists have been summarized! but will not be discussed here. A few

N : -02 0 +02 -02-01 0 +01 402
chemical applications have been selected for discussion which are z . (©) (@
iilustrative of the kind of information that can be obtained from MB
spectroscopy. Mdssbauer resonances have been observed in the following % Fig. 11-5. M@ssbauer Spectra of Some lron(ll) and
nuclei: Aul®, Dyi6t, Eriss Fes? Gdiss, Ge™, H77, 1127, [, (oot |83, ¢ Iron(111) Complexcs. (a) Spin-free iron(11)— FeSO,-7H,0.
T _um:a.lﬂ.ﬁo.ﬂ. Sb'33, Sntie, Taldt, Tmisy, W'S2, Ypi10, Zst, B ?wfmma.??on iren :_,.I.Wnn._.. () Spinpeirzd i ;

Facsimilieg of spectra obtained on some iron complexes are given WBB %Cm»ww%_ﬁmmma :o%m::lxumﬂozr
in Fig. 11-57For spin-free iron complexes in which all six ligands are P:?._u!. .Q..::. _~<_M~_,:oo_udocanu? Re 3
equivalent, a virtually spherical electric field at the nucleus is expected ; @ S o
for Fe**(d®) but not for Fe*(d®). In the d° case each d orbital has one
=lectron, producing a snherical charge distribution; but there is asym- -
metry for the spin-r : .

in Table 11-1. For iron complexes,

4 , correspond 1o a decrease in electron
sult of the field gradients at the _*

. . :{ 6 For spin-free complexes a correlat;
nucleus, quadrupole splitting should be detectedlin the spectrum of spin- s electron den-it
freg iron(11) complexes but not for sp

isomer shifts in a positive direction

density in the region of the nucleus.
; On_exists between isomer shify and
- An increase in § of 0.02

in-free iron(TTT) complexes. This
is borke out in spectra 4 and B of the complexes lustrated in Fig. 11-5.

- . cm sec”! is equivalent t
%M_.oWocE charge density of 8 per cent ar the nucleus ¢ %<”
&l  values. obtained for the spin-paired ferricyanides comn :
N . . . g $ €O d tr
( For spin-paired complexes, iron(11) has a configuration ,,¢ and iron(111) 54  iron(Ill) complexes indj -0npare .5 Spin: free
;. As a result quadrupole splitting is now expected for iron(111) but ferficyanide ions. This has been expl ¢
Ny - : — — . plained as b "
not iron(l1) in the strong field complexes. "This conclusion is oo%ﬂ@ %9 m bonding in the femcyaiides which removes Qo%nmnMco wo 8.52520
experimentally by the spectra of ferrocyanide and ferricyanide ions. -%{ the metal fon which in_tumn decreases the shield: on density from
@iros the ligand arrangement in a strong field iron(I1) complex does not 3 i i
consist of six equv Tent Tigands [Fe(CN);NH,]*-, quadrupole splitting
of the strong field iron(11) will result : .

-

Values measured at room temperature for AEq and the isomer shift,

_ the compounds pre
.Qy
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TABLE 11-1. QUADRUPOLE SPLITTING,
AEq,, AND ISOMER SHIFT, 8, FOR SOME
IRON COMPOUNDS (3 AND
AEy IN cM sECTY)

. . Spin-free Fex*
FeSO,- 7H,0 032 .0.119
ng 3. - w .
FeSO, (anhydrous) 027  0.12
Fe(NH,),(SO,),-6H,0 0.175 0.119
0.175  0.13
FeCl, - 4H,0 0.300 0.135
FeCH,0, 026  0.125
FeF, 0.268  —
FeC,0,- 2H,0 0.17  0.125
Spin-free Fe*
FeCly - 6H,0 0.02  0.085 »
FeCl, (anhydrous) 0.02 0.05 | N
FeCly - 2NH,CI -H,0 0.03  0.045 S%\,\%
Fe(NO,), - 9H,0 0.04  0.04 .
- Fex(CO.) 0.05  0.045 ¥ 2y
Fex(CHOq), 0.077 0.043
F:. 0, 0.012  (.047
Spin-paired Fe"
Fe(CN)] -3H,O. - —0.013
Kl . - —0.016
<0.01 +0.005
Na,[Fe(CN)e] - I0H,0 <0.02 —1.01 )
Na,[Fe(CN),NH;] 0.06 —0.005.~
Ki{Fe(CN),NO) 0.185 —0.027
0.176 —0.028
Zn[Fe(CN)NO] 0.190 —0.027
m Spin-paired Fe™
! —  —0.012
RERRE - —0.017
0.026 —0.015
Na,[Fe(CN),] 0.060 —0.017

cither iron(I1; sulfate and K;Fe(CN), or by atmospheric oxidation of th:

compound from iron(I1) sulfate and K,Fe(CN)s. The spectra of thess

materials indicate that the cation is spin-free iron(11!), while the an‘on

is $pin-paired iron(1]).
s

\vd
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i Na,Fe(CN);NO, has
been investigated.® This material has been formulated earlier as iron(ii)

and NO* because the complex is diamagnetic. The MB spectrum con-

sists of a doublet with a AE, value of 1.76 33?00? of
Ic%w.w mm/sec~". The & value s far 100 negative for an Fe! complex.

Comparison of this <N=.._Fn\e<_.w: reported results? on a series of imn com-
. . ,_.:n

plexes suagests that the iron § val
magnetism and MB Spectrum are consistent with a structure in which
i i ztween the 0dd eleciron in the 15, set of

there is ext
the orbitals of iron and the odd electron on nitrogen, as illustrated in
tal has 2 large contribution from the

Fig. 11-6. The filled 7 bonding orbi

Fig. 11-6. Orbitals Involved in the Fe—N 7 Bonding
to tfie NO Group in Fe(CN),NO*-.

€mply 7 antibonding orbital has a larger

contribution fi the iron atomic orbital. >§::. more of the 7
o - =n e M O W

electron_dcasity is iocalized on nltrogen and the & value

for iron ap-
proach s that of iron(IV) because of decreased shielding of the < electrons
by the d electrons. Since ele

ctron density is being placed in what was
previously a 7 antibonding orbital of nitric oxide, a decrease in the
*—O infrared stretching frequency is observed. The very |
rupole splitting is consistent with VEry exiensive 7
Fe—N—OIink.

The MB spectra of the iron pentacarbonyls: Fe(CO);, Fey(CO),,
and Fey(CO),, have been reported.® The results are as expected from the
known structures for both Fe{CO); and Fe,(CO),. The structure of
Fey(CO),, deduced from its MB Spectrum s not in agreement with the
structure reported from a single crystal X-ray study. &

Mdssbauer spectra of several tin compounds have been observed.!
In compounds of the general formula SnX, (where X
correlation is obtained between the

is a halogen), a
electronegativity of X and 8. As the
electronegativity of X is increased, increases. The AE, values for the

compounds (CHy),SaX also increase with increasing electronegativity

of X because the more electronegative X causes a larger field gradient
artiie nucleus. The quadrupole splitting found in SnT, 15 . .
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