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I. INTRODUCTION

Spectroscopic methods are important analytic tools in the study of various
microscopie systems such as nuclei, atoms, molecules, and crystal lattices. The
knowledge gained from the study of the various absorption, emission, of reemission
processes in microscopic systems is generally of interest either to the nuclear
physicist or 1o the solid-state physicist and the chemist, but seldom to both groups
simultaneously, Mssbauer spectroscopy, however, makes very enriching contribu-
tioms to both fields. This spectroscopy is based on observing recoilless emission and
resopance absorption of gamma rays by nuched in solids. Resonance absorption of
gamma rays had been predicied since the beginning of this century; however,
experimental observation of this behavior was difficuly dee to the amount of energy
Inst in the recoil of a nucleus emitting and/or absorbing a gamma ray. Below, we
bricfly describe this problem.

From a classical point of view, a free atom of mass m, moving in the © direction
with a given velocity v, has a linear momentum of my. 1§ this free stom is in an exciied
nuclhear state and undergoes an energy transition to the comesponding ground state by
emilting o gamma ray, the momentum of the system must be conserved. To conserve
momenium, the momentem of the emitted gamma ray must be balanced by a change
in the welocity of the nucleus. This change in the velocity impants to the nucleus an
energy associated with its recoil after emission. In most optical spectroscopic studies,
this loss of energy due to recoil is insignificant because i is much bess than the
experimental spectral line width, However, in the study of the recoilless emission and
resonance absorption of gamma rays, the enengy lost due 1o recodl 15 much greater
than the line widih and thus becomes an important factor,

In pre-Missbawer time, several experimental methods were wilized w0 either
broaden the line width or add o the energy of the gamma ray to make up for the loss in
recoil. One such method was the utilization of the Doppler effect by accelernding the
source toward the absorber in an attempt fo compensate for the energy lost in necoil.
Temperature breadening and the vse of recoil momentum imparied by a preceding
transition were also successfully employed in some cases in restoring encrgy lost dus
to recoll, However, these technigues did not afford the opporunity to observe
hyperfine interactions due to the large broadening of the lines which were necessarily
incurred.

In 1958 Rudolph L. Masshaver discoversd that recodlless emission and resonance
shsorption of gamma rays could be observed if solid substances were used (28),
Withowt the need to compensate forencrgy loss due o recoil, line widths were greatly
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Fig. £.1. Mbsshamer periodic takde.

reduced to the order of 1077 eV, A high-resolution technique of this type enables ope
io observe hyperfine interactions and thus stedy events affecting the nucleus and its
immediabe environment.

This recoilless resonance phenomenon, which i referred to as the Mosshaver
effect or nuclear gamma resomance (MGR), has been reported for over 100 nuclear
gamma ray iransitions. The elements in which these transitions are observable are
shown in Fig. 6.1.

Il. BASIC PRINCIPLES

MNGR is the process whereby & gamma ray emitied during the tramsition of a
nugbens from an excited 1o a ground level excites an identical nocleus in the reverse
manner. This process is the basis of the Mossbaner effect. However, the unigue
characteristic of the Mossbaver effect is the ability to observe hyperfine interaciions.
Thiz can largely be attributed 10 emission and absorption of the gamma ray by the
nucleus without any boss of energy or line broadening due to recoil.

To fully appreciate the significance of recoilless emission, we will examine
gamma emission from a classical point of view. Consider & nuchens of mass m at res|
in an excited state, IF during a transition from this excited state to the ground state, the
puchens emits a photon of energy ., then, the conservation of energy principle stales
that the change in energy of the nucleus (£ & due 1o the transition must be equal 1o the
quantum of energy carried away by the photon plus the recoil kinetic energy (E,)
gained by the nucheus due 1o the emission process, Therefore, conservation of energy
requires that

E,—E,=Ey= E, +E, i

where E i the energy of the excited state and E | ks the energy of the ground siate. For
there to be appreciable resonance absorption, the energy of the transition must be
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approximately equal to the energy of the radiation emitied, i.e., Ey = E,. Conserva-
tion of momentum requires that the momentum imparted to the nuclews (p) from the
iransition be equal to the momennm of the gamma ray (p.), Le.,

p=my=p,=5 (2)
where v is the recoil velocity and ¢ is the speed of light. The recoil encrgy can be
wrillen as

Eizim‘llzﬂ |:3}

2me?

The problem that results when the recoil energy 15 greater than the uncertainty in
the energy of the photon (') is shown in Fig. 6.2, When E, = I there is almost no
overlap of the emission and absorption energies, resulting in virtually no resonance,
Even for cases where 2E, = [, there is no apprecishle overlap. Only when 3E, = T
is there significant overlap. For most other spectroscopies, the recoil energy is usually
much smaller than the line width and resonance occurs frequently.

Mow consider an atom bound inside a solid. If for low-energy nuclear gamma rays,
the atom containing the nucleus of interest s bound strongly enough to its nearest
neighbors, there i3 a probability that the entire solid will recoil insicad of the
individual stom. In this case, the mass in equation 3 must be replaced by the mass of
the bulk material, The larger mass of the solid results in an extremely small recoil
energy, virually allowing for complete overlapping of the emission and absorption
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lines, Besonance can now oocur easily with the nataral line widths preserved, n very
impaortant phenomenon since it allows for measurement of several types of hyperfine
interactions. These will be discussed in the following sections,
The general line shapes of absorption specira in Mdssbaer spectroscopy are
Lorentzian "for infinitely thin™ absorbers, Le..
(rzy
(E,—EoF + (T3

where [ is the intensity of radistion for a particular gamma energy (£, ) and Eq 15 the
resonance energy giving an intensity of Jo. The line width, I, (full widih at half-
maximum) is generally twice the natural line width (Tyi) of the source. Using the
uncertainty principbe, one finds that

HE,) =1y (4)

26 In2
Iia

=2Tww= (51
where ry; is the half-life of the excited nuclear level.

A comparison of the shape of the Lorentzian with the more common Gawssian is
made in Fig. 6.3. As sample thickness b increased, the intensity of absorption
increases, the line width broadens, and the line shape goes from a Lorentzian (o that of
o Gaussian. Before we define a “thin™ or “thick™ absorber, résonance cross sections
and Missbaner fractions will be discussed.

The general laws of quantum mechanical scattering give the ¢ross-section for
resonance, assuming a single line, no inemal conversion and 100K 2ere phonon
sbsorption (no loss of recoil energy to the lattice) as

LORENMTIIAM
/ GAUSSIAN

4

Fig. 6.3, Comparison of Lorentzisn and Gaussian line shapes.
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(21, + 1}
{2, + 1} ()
where K is the wavelength of the photon divided by 2ar, 1, is the nuclear spin of the
excited level, and [, is the poclear spin of the ground level. For most Misshauer
transiftons internal conversion (1C) musi be considered. Internal conversion is the
deexcitation of an excited nuclews in which energy is camried away by the emission of
an atomic electron. Inclusion of internal conversion modifies equation &, giving for
the resonance Cross-section

oy = 2k?

2.+ 1
@, +10 (a+1)

where ar, the internal conversion coefficient, is the ratio of the probability of internal
conversbon to that of gamma emission.

To appreciste how large this cross section is, a comparison can be made beiween
the aciual geometric cross section of the nuckeus and the calculated cross section from
equation 7. For the case of the 14.4 ke'V transition in *'Fe, the ratio of the Mdssbauer
resonance cross section o the meclear geometric cross section is approximately
25

This is the most dramatic of the Mossbawer transitions and is the main reason that
the *Fe transition is the one most often used in Massbauer spectroscopy, This and
other more common Mossbaver transitions are listed in Table 6.1 with useful

(7

&y = 2xk?

TABLE .1
Paramesers for Selocted Misshauer Trassitions
Isoiope Half fife Eniemal Misshauer  Mibssbauer
humfance Ey hn conversion  oross section line wiiddh

lesterpe: ) (23 T P 8 ins) coeffickest (107 ® cm®)  (memi)
e .14 441 32k el H.21 2% 154
LT 1.1% 6741 5230 5.77 0138 71.1 0770
"y 1273 B36 WA e i44 B0 0148
1% KR MET ain 178 513 L 0647
IHgh £1.24 3Tis T2 Ah 14 i1 1.4 210
1347y 6,99 o T T B k.48 3.6 26,6 5.21
1y 10K 560 T AN 1.9 178 b 2.40
1 u na seIR I6.H 5.1 3000 0586
Ly 1 g0 22 .31 1.7 ik 0533
(L] = &7 83 g 5 R L T 5.7 e MR .3
13y £2.18 [Tre 98 1 T X1 14 .18 545 68
193G 14.72 ®6.54 522 6.33 0,43 M 0,499
181y 1588 »E6  Ssksh  ma 9 o 0378
oy 341 05 1 0 |7 f.93 238 I.H2
TPy 3.00 B45 1 0 1.6 H.0% 1.0 202
1Kty 99,54 B24 9292 RN 46 167 00064
Hekg &0 Tig 123k 6.4 B4 106 0494
1Ty 100 T 12 188 4,30 1,86 1.8
n * | s B) b2 M 0.0673

# Radioactive, fyp= 157 % 107y,
F Radioactive, fyg = .14 2 [Py
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mformation such st noclear spin states, gamma enérgies, nuckear lifetimes, line
widths, internal conversion coefficients, and cross sections.

The intensity of sbsorption can be related to two other parnmeters; these are the
sample thickness and the fraction of recoilless emissions, This latter parameter is
called the Massbauer fraction or recoil-free fraction and will be discussed first.

For an emitting atom bound in o latice, recoil energy can be glven to the latice in
thie form of vibrational energy (phonons), When this occurs, the emitted gamma has
less energy than the transition energy due to the recoil energy gained by the emitting
atom. If oo energy is given to vibrational excitations in the lattice, the whole laitice
recoils. Then the recoil energy 18 exceedingly small since the recoiling mass is very
large, being the masa of the whobe erystal. The emitted gamma energy is therefore
essentially equal to the transition energy. This is called recoil-free or zero-phonon
absorption. When both of these processes take place, there is nuclear gamma
FEGORANCE.

A simplified description of the above processes can be found in the Einstein modal
of a lattice, where there is a single vibrational frequency (p) for the atoms, If the
recoil energy given by equation 3 is greater than Avg, there will not be zero-phonon
interactions a5 the atoms will absorb vibrational energy. However, if the recoil energy
ig less than &g, then the Mosshaser fraction, i.e.. the fraction of recoilless emissions
is

f= et (8)

vy

T is the Emnstein temperature and & is the Bolzmann constant.
This factor can also be writhen as

where iy =

- {31}
f=aT =)
where { x7) s the thermal average of the mean square displacement of the emitting or
sbsorbing stom and 2wk is the wavelength of the radiation. This factor was used in
garlier X-ray diffraction siudies and known as the Debye-Waller factor.

From equation 8, it is evident that the larger the recoil (comesponding to higher
gamma energbes), the smaller the Mbssbaoer fraction. Smaller atomic masses give
smaller Mbssbauer fractions while stronger latiice forces support larger recoilless
fractions,

The Einstein mode] is oversimplified as it considers only one natwral frequency for
the oscillators, The Debye model is an improved model where o distribution of
oacillator frequencies is incorporated into the calcalation of the Missbauer fraction.
The distribution in the model s proportional to » where » goes from zero o a
maximum called the Debye frequency (pp). The final result for the Missbauer
fraction is

f'- ='=" l.HJ'}

B L. TV _xde
weggler @) [ F5

where
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and 85 = 'h% Plots of equation [0 ane given for ¥Fe (14.4 keV), 75b (37,15 keV),
pnd " Au (77,34 keV) in Fig. 6.4
Im additbon to the effect of the gamma energy and laftice force discussed above,
aote the additional effect of temperature in the Debye model. Increasing the tempsra-
ture decreases the recoil-free fraction. Serious consideration must be given 1o the
operating emperature for the experiment. This will be discussed in mone detail in the
experimental section,
L1

09+ fal

RECOIL FREE FRACTIOM

TEMPERATURE )

ows L]

EECOIL FREE FRACTION

TEMPERATURE L4

Fig. &.4. Plots of the Mbssbauer fraction versui Iempesature for various Debye temperasares. {a) ¥ Au,
() ¥18h, and () *Fe.
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The effective thickness for an ahsorber (r,) is another very useful Masshaver
paramelter, This parameter is directly related to the observed imensity of & Masshager
absorption peak, The effective thickness is defined as

:n:_lf'- My = I'ﬂ-'u't (i

where [, is the Misshauer fraction in the absorber, n, the number of aloms per cubic
centimeter of the element, J, the thickness (em) of the sbiosber, fA the sodopic
ghundance, and oy the resonance cross séetion. The above equation can be expressed
in more convenient terms by replacing m, and o, with the surfoce density o,
expressed in mg/om? of the clement of Buterest, Therefore,

fu-No- 1A -y

lmm_“r {EEJ

f, =

where Ny is Avogadro's number and A, 15 the somic weight for the absorber,

Mow o more general expression can be given for the line shape resulting from the
nuclear resonance for an absorber with uniform finile thickness as

KE) = r.,[! - Ir[' p I"E"J (E - :?In;lﬂr_ﬂﬁ}

J':"““"‘I_r"}:'i'+111"12.'I*[':||EI =
where f, is the Mosshauer fraction for the source (26),
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Fig. 6.5. ""Fe Masshauer spectnems of potssiom Bermos yanide.

A Missbauer spectrum of potassium ferrocyanide is shown in Fig. 6.5 in which
the data points are fitted to a Lorentzian, Note that the energy axis is expressed in
terms of velocity (mm/s). The reason for the choice of units has 1o do with the way in
which the energy is varied 1o obtain the spectrum. The observable line widths are
aboat ome part 1n 100= 107 of the actual energy of the photon. Such resolution far
exceeds any of the ordinary forms of spectroscopy and requires a unique method of
varying the energy, one method of which utilizes the first-order Doppler shifi (6). The
sbsorber and source are moved relative to each other with velocity v resulting in n
Doppler energy shift for the gamma ray of

e=~E, (14)

Conversions from the velocity wnits (mm/s) o several corresponding energy units are
given in Table 6.11 for & number of the more common transitions. Positive velocity
refers to the case when the absorber and source are approaching cach other. Methods
for obtaining the velocities are discussed in the Experimental Methods section.

Observing nuclear gamma resonance is interesting, but the major usefulness
comes as o result of the extremely high resolution that can be achieved, One of the
main areas that can be investigated are nuclear hyperfine Interactions, Theke are
interactions between a property of the nucleus (e.g. . magnetic dipale moment) and a
feature of the environment of the nucleus (&, g., magnetic fickd). There are three such
interactions that are extremely important to Mossbaver spectroscopy. These are the
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TABLE &.11
Energy Faclor for Mossbauer Tranditions
Transizion
TR 1 msmfy = I mmsfs = | mmfs = | mmiy =

Tustipe (ke¥) (0% ev) (MHzl (W0 lmolecule)  (m))*
TFa 4.4 4,808 11.562 T.M3 LR LT
Ny &7.4 et L8 5457 3602 160
ey o4 4l TLY 4776 1458
gy 14 T4 19.25 1174 . 9240
gk k. i e 1239 215 06 1585 1 438
i 343 i1.83 1860 1895 1.373
1y 178 1221 A &6 M.TE 2.130
L | e 3. 263 1140 4. B4 11075
1My BLO .02 65533 4379 3135
UiEy 215 T.182 17.37 I1.51 LR kKLY
Wiy 103.2 M4z B3.22 55.14 1994
WG B&.5 %87 59, B 46,25 3,350
Wy 5.7 558 0,65 127 05931
L o A0LH 507 [-= B F) 4305 3118
e B4.2 E. 0 7.0 4503 1261
1Ty % od L0010 333 02415
ey 710 24,38 LL £ 1503 180
ELeF T T3 Bl 6238 4134 1994
Mrip 504 1586 4802 3 .B2 1.30%

* mK = muilli Eelvin.
electric monopole interaction (EQ), the magnetic dipole interaction (MI), and the
electric quadrupole interaction (E2). We discuss these hyperfine interactions in the
meXE seetion.

Il. THE PRINCIPAL INTERACTIONS

A, ELECTRIC MONOPOLE (E0)=IS0OMER SHIFT

An electrostatic imteraction occurs between the nuclear charge of the nucleus and
the atomic electrons that penetrate the nuclews. At the nucleus, the electronic charge
density is given by = "-II'III:I]IT and is approximately constant over the nuclear
volume, Usually only the 5 electrons can penetrate the nucleus due lo their wavefunc-
tion symmetries. The effect of this interaction is to raise the neclear energy level
slightly as shown in Fig. 6.6. Approximating the nucleus as a uniform sphere of
radius B, one finds for this shift in energy

8E = %Ezetlwmlim (15)

where Z is the noclear charge. A net change in the energy of the transition (AE) will
occur depending on the shifts for both the excited (5E ) and ground (5E ) levels, i.e.,

AE = 8E, - 8E, = 3 2| Wi0)|* (R - R}) (16)
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‘This change in the transition energy will occur in both the source (emission} and
the absorber (absorption), The difference berween these in vebocity units is called the
isomer shift (8) and can be measured as a shift in the absorption line & shown in
Fig. 6.5. The expression for the isomer shift in velocity units using equation 16
becomes

5= [AE pne — &E“,J%
=T

- hggﬁmz = R2) [| 90)| * absorber — | {0 | * source]
7
_ 4nZelcR! [AR) i :
= [R }[H-',tml |00 71 (1M

wherg AR = R, = R The electron density terms in this equation are nonselativistic;
however, & relativistic mode] caleulation {36) indicates that the only modification of
equation 17 necessary is the addition of an overall factor 5(Z). Therefore
£
g =32k oo AR w02 = | Wr0) ] (18)
SE, R
is the relativistic gencralication of equation 17,
Equation 18 can be simply written as

& = ad|Wm|* {19)

where o is called the isomer shift calibration constant and 4 | ¥{0}] * is the difference
in electron densities at the nuclei in the two substances. Values for AR R, 5iZ), and &
are given in Table 6.100. It is evident from these equations that the isomer shift is a
function of the electron density at the mecleus, This eleciron density will be very
much dependent on electronic structure of the Mossbauer stom and the bonding
berween this atom and its ligands. For o kess than zero (e, g., ¥Fe), if inon compound
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TAHLE 6,111
Paramssters for tss luoener Shifl {34)
Relativistic

£, coemection (10% ady ARIR
lscaaps (ke L 1F 4 (g mmiap {109
e 14.41 1,294 -0, 147 -5 5
SEMi 741 1.343 ={1.00ES =125
¥ B9 MG 1.927 +0.080 +324
iFgn 2187 2004 +0.043 +0.74
12kgh ¥.15 2381 =0.21 =4H
T 3545 2438 +0.024 +0.62
Lok | 57.60 2.5 =08 [ =13
oy .77 2,530 +0.21 442
o ] B0 L6ES + 000156 40 Ed
HiEy 21.53 L5l +0.34 414
s 1] 103, 18 3511 = (a0 =3
B BH. 54 1478 =005 =112
iy 25,66 3.993 +0.115 + 1
Woh 415 4067 -+, 00K +0.22
8y 64 4. 106 -] -T8
iy, T4 213 +0L113% +L 95
19Tk T1.34 tEa +0U0153 + .44
FTHP 59,54 13,580 =26 =41

* ug = Buhy ratia,

A has a & greater than that of iron compound B, then the ebectron density af nucleos B
is greaier than that at A,

Usually isomer shifis are given relative 1o the source used in the experiment or
relative o a standard reference maderial. To compare literature data it is necessary 1o
have all §'s relative to the same substance. Conversions relative to one material can be
ebained relative to another by using the evaluated data given in Table 6.1V, This table
abso gives recommended standard reference materials, All 5 data are usually reported
relative to these materials,

B. MAGNETIC MPOLE (MT}—MAGNETIC HYFERFINE SPLITTING

Energy levels in nuclei having spin gquantum numbers (I} greater than zero will
have a nonzern magnetic dipole moment (7). In the presence of a magnetic field (F),
there will be an interaction that results in the spliting of nuclear energy levels
removing degeneracies, The Hamiltonian describing this intersction s simply

H=-f-H (20)
The magnetic moment can be expressed as
=gl (21)

where g v is the meclear Landé factor (sometimes called the nuckear g factor) and B s



6, MOSSBAUER SPECTROSCOPY 433

the nuclear magneton (B, = 5.051 % 1077 Joule(Tesln). Substituting equation 21
inbo eguation 20 gives

M= —guyl - H (22)

‘The diagonalization of the first-order perturbation matrix resulis in the following
eigenvalues (£ ) for the Hamilosnian:

Eydmy) = —pHm,{l = — g @uHm, (33

where m; is the nuclear magnetic quantum rumber, having the (2 4+ 1) values: =1,
=f+1, ... =1, +I. As an example, the resulting spliting and transitions for "Fe
are shown in Fig. 6.7. However, two of the transitions, m; = +3/2 0 m; = =112
and mi; = =32 to m; = +1/2, are forbidden since the selection rabe is Am; = 0,
+1. Spectra that result are ofien quite complex. In the spectrum for metallic iron,
shown in Fig. 6.8, the magnetic ficld is an imemnal field of 33 Tesla,

As for the isomer shifi, the term that is of most interest is the eaviropmental
parameter, in this case the magnetic fizld. This figld can cither exist intemally or be
applied. There are three principal contributions 10 the intemnal magnetic ald, each
being generated by unpaired electrons (45), Usually the dominant contribation is the
Fermi contact field (M) which results from a spin density (elther spin up or spin
down) at the nucleus. These are the s-electrons that can be spin-polarized by the
electrons in the outer shells. The other vwo flelds are the orbital ficld (M), which
results from the orbital motion of the valence electrons, and the dipolar field (H o),

EELATIVE ABSORPTION
=

|
-15 -10 -5 o & 10 15
VELOCITY (mm/s)

Fig. 6.7, ¥"Fo Manshaser spectnem of a-Fe,
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Fig. 6.8, Energy level dizgram snd line spectrum due w0 the magnetic Byperfine isteraction in *"Fe,

due to the coupling between the nucleus and outer electrons, Therefore, the total
internal feld =

H=Hc+ Hy+ Hpn (24)

C. ELECTRIC QUADRUPOLE (E2) = QUADRUPOLE COUPLING CONSTANT

When the nuclear-spin quantum number is greater than | there is a nuchear
quadrupole moment (), This moment can interact with the electric field gradient
{EFG) to result in the splitting of nuclear energy levels, The EFG is (=% T Vi, i.e.,

""III F., Fl'.
BFG=VE=-99v=|V, V, V. {25
L‘II:I pl:! v:
where the components are given as
R, L L
¥ ﬂ.l:_lﬂ.iﬁ.

The above symmetric tensor can be diagonalized by the appropriate choice of axes,
The resulting tensor has three non-zero clements, which are the diagonal elements,
Caly two of these diagonal elemens are independent due to Laplace’s equation,
which siates

Vat ¥Fa+ Vo=
These two independent chemenis give rise 1o two experimentally observable parame-
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ters. One of these is the z component of the ebectric field gradient defined as

q=£f [ 26a)

while the other, the asymmetry paramecicr, is

,]_Lxr. (26b)

where |L'_.,];|:|F,,|=r|1-",,|_ This constraint restricts 7 1o le between 0 and 1.
The Hamiltonian for the interaction betwesn the nuclear guadrupobe moment and
the EFG is

My [352 = 11+ (13 + 12)2) (27)

-t

4H2r-1)
where [ is the nuclear spin operator, !, the operator for the nuclear spin projecied in
the z direction, and [, are shift operators. For cases of axial symmetry, i.e., 5 = Q,
the energy eigenvalue equation is

= —:-E—. F o=
Eo= gy i — 16 + 1] (28)
For the case where / = 3/2 (applicable to ""Sn and "Fe) equation 27 becomes
Eqtm) =21 [mf - ';,f—'J [+ n3f3p (29)
This gives two levels:
Eg{=112) = —1l4e2Qg {1 + 53312
Eg(£3/2) m +1fdeifg (1 + n33)ie (30)

The resulting energy-level diagram for this interaction is shown in Fig. 6.9, Instead
of a single absorpiion line there are two, The observed splitting of the single line inio

1 a¥ EvE, ek E"*""""’:"F{"ﬂ%‘]%
{:_.Izzl,a, i &=t eTag (1e gi-";‘ll"r’
Eg- By ta'ﬂqt‘ltg:ﬁ]ﬁ
.
te¥a EsQ =2l
o’0g=0 e'0g 20

Fig. 6.9. Encrgy level dingram identifying the quadnspole splitting (4).
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twa lines (see Fig. 6.10) is called the quadrupole splitting (A) and from equation 30
A = 1/2¢0g (1 + 533" (31

Often 1 = 0 and consequently the quadnipale splitting for a particular transition will
be dependent only on V.,

When the nuclear spins are differsnt from those of the common transitions in iron
and tin, & much more complicated situation arises. For example, "Sb has a ground
nuclear spin of 5/2 while the excited bevel is 7/2. Ifn = 0, there will be eight allowed
transitions resulting in a more complex spectrum. 1t is unfortunate that for 'S the
eight absorption peaks overlap each other and none of the lines can be resolved, A
typical “5b Missbaver spectrum is shown in Fig. 6.11. Because both the relative
positions and intensities are known, it is not too difficelt with the use of a digitl
computer io determine the quadrupobe coupling. More details on this will be provided
in the ssctions on Experimental Methods, (Section IV} and Quadrupole Coupling
(Section Wi},

IV. EXPERIMENTAL METHODS

A. SPECTROMETERS

A Maashauer spectrum s a plot of intensity (of gamma rays) versus Doppler
velocity,. While gamma rays are detected and counted by using normal nuclear-
counting instrumentation methods, velocity-modulation ftechniques are relatively
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Fig. 611, 5 Méasbauer spectrum of PhSt{Elydic);.

unique 1o Modsshaver spectroscopy and are central to any Misshauer specirometer.
Many of the earlier spectrometers were mechanical devices in which the source or
absorber moved al a congtant velocity relative 10 one another. With these devices, the
spectrum is obtained by counting for a specific period of time at one velocity,
recording the number of gammas counted, and then selecting another velocity, ec.
Swh a procedure is obviously very time-consuming and requires much effort.
Programming techniques can be used o redoce some of this effort. However, carrent
spectromeders use electiromechanical devices which sweep arange of velocities with a
frequency of the erder of 10 Hz. This allows the complete range of velocities (i.e.,
energies) to be counted almost simultanecusty, although a spectrum does not begin to
gppear until after many scans.

The primary element of a Misshaver spectrometer is an electromagnetic rans-
ducer, often referred to ax the Kankeleit drive. This has one basic design consisting of
a drive cobl, which is located in the feld of a permanent cylindrical magnet, and a
velocity-monitoring coil, both of which are attached to a center rod. The coils can be
either specifically designed for the spectrometer or obtained from a commercially
produced loudspeaker, A cross-section diagram of a drive s shown in Fig, 6.12,

The rod iz driven by 8 corrent running theough the drive codl. The current can be
varied to produce several different periodic motions, shown in Fig. .13, The
triangle, wiich 15 the most common waveform, and the sywtonth, sometimes called
“fyback,” both give velocities which vary linearly in tme. The triangular waveform
gives a true spectrum along with its mirror image. The sawiooth does not give a
mirror spectrum. The sinusoidal waveform is especially suited for large velocities and
fine precision.

A schematic block dingram of a typical Mbsshaver spectrometer is shown in
Fig. 6.14. It illustrates how the electromagnetic transducer, discussed above, is
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related to the other major components of the spectrometer, Central 1o the electronic
part of a Mosshaver spoctrometer is a multichanngl analyzer (MCA), an on-line
COmputer system, of a microprocessor which stores the collected data in the form of
the number of gammas counted at each velocity.

B. SOURCES

The vsual sources are radioactive isotopes that first decay by electron capture or
alpha, beta, or gamma ray emission, These radioactive isotopes subsequently
undergo Mosshauer transitions. Simplified nuclear energy level disgrams illustrating
typical decays are given in Fig. 6.13 for four typical Mbsshaver transitions. It is

7 S e
b 7 e

Vaax Waax

Fig. 6.13, Perindic motioas of a Mésshauer speciromeier (kriangle. sawtooth, sinusoidal, and flyback).
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Fig. 6_ 4. Block diagram of a Mbsshaser specirometer,

desirable for the gamma ray to be emitted with zero recoil during the Mbssbhawer
transition. From equations 8 and 10, it is apparent that the Mossbaver fraction, which
gives the probability for a recoilless emission, is significant provided thai the energy
of the gamma is ot oo large. [n fact, all the observable Mbsshaoer transitions have
gamma energies below 200 ke, See Table 6.1 for the energies of the more common
iransitions.

‘The lifetimes of any excited nuclear level used in Misshawer spectroscopy must
have natural line widths (soe equation 5) that can be observed by the Doppler velocity-
scan method of varying the energy. Consequently these lifetimes are usually in the
range of 1= 100 ns. If they are shorer, the line width will be wo broad and, I longer,
the line widih will normally b 100 narmow o be observed. 1t is Imporiant bo sebect
source materials that give a large Mosshaver fraction (f,) and have single, narmow
lines. Table 6.% contains a List of such materials with £, wvalees al those temperatures
normally used for the spectroscopy,

C. DETECTORS

Since Mossbauer gamma rays are guile low in enecgy, the detectors employed are
those that normally detect Xorays, Basically there are three different rypes of
detectors. These are the scintillation detectors, the proportional counters and the
semiconductor devices. Scintillation detectors are wsually Mal(T1) crystals and are
excellent for the higher-energy Mosshauer transitions due to their counting efficiency.
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They are also relatively inexpensive, but have poor resolution. This makes them
inappropriate for many transitions. Proportional counters, also inexpensive, have
resolutions that are much improved over the scintillation detectors, but have poor
efficiency of the higher energies. The semiconducior detectors ane wsually Gel(Li) or
Si(Li}), More recently intrinsic Ge detectors have been emploved, The efficiency is
excellent for these devices at all gamma energies of interest and they have resalutions
that are even better than proportional detectors. An example of their improvement in
resolution can be seen in Fig. 6.16 where a comparison is made with results oblained
from & proportional detector. However, their cost ranges from 55,000 to $15,000. In
addition, they miest be maintained ot liquid nitrogen emperatures.

TABLE 6.
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TABRLE & Y]
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D. ABSORBERS

Special care needs to be taken in preparing an absorber with particular auention
given to optimizing the thickness, A sample oo thin will resolt in Linke observable
absorplion while one oo thick will absorb most of the gammas nonresonantly, thus
washing out the resonant absorption spectrum, In most other spectroscopics adjusting
the thickness by trial and error is usually the most efficient procedure. However, in
Massbauer spectroscopy it often takes hours (and sometimes even days) to oblain 2
spectrum, Therefore it is imporiant, if a1 all possible, to prepare the sample correctly
on the first attempt. The thickness of the sample needed to give a good spectrom can
be determined by using equation 12, This expression can be simplified by defining an
“effective absorber thickness constant™ {r,) as

. Nn - 14 - iy

I,—m (32)

Using equation 32 with squation 12 we find

fa
Sl '..r-' iy ':33}

which is an expression for sample thickness in units of mg of the atom of interest per
em?, Yalues for the constant £, are given in Table 6, V1 for the common transitions and
values for f, can be estimated using plots like those in Fig. 6.4. To use these plots one
must assume an approximate Debye lemperature for the material. Usually organic
substances are 50- 130K, inorganic substances 100-300 K, and metals and alloys
200=30 K. The Debye iemperaiure is related 1o the strength of the bonds between
the atom of interest and its neighbors. For selecting the sample thickness, a rough
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value of @ will suffice. Using equation 33 and letting 1, = 1, an appropriste sample
thickmess can be delermined, If a spectram is expected to consist of more than & single
line, then one should use a lurger vakwe for 1, up to five, depending on the anticipated
complexity, Some walees of sample thicknesses using f. = 1 are listed in
Table 6.VII.

It is quite important to have o sample that is approximately uniform in thickness,
This is quite difficuln 1o achieve when the sample needs to be as thin as indicated for
some cases in the table, The usual procedure i 10 mix the material with a filler
substance that i relatively transparent (o the gamma ray, These substances should
have atoms of low stomic weights (Jow Z) and be nonreactive with the sample,
Examples are fine powders of boron nitride, sugar, polymethyimethacrylate and
plass,

The absorber is placed in a container also made of a low £ material. Common
materials nclude Plexigbass, beryllium, aluminum, and Teflon, If the absorber
material is & metal, then it can be rolled inio s dein foil.

It is imporant o maximize the count rate by minimizing the source detector
distance. However, af some point minimizing can begin (o add o serious ermor in the
velocity scale. This is ofien referred o as the “cosine effect” becaise the ervor in the
Doppler energy (AE) is

AE = = E,cos (34)

where @ is the angle between the direction of the photon and the normal direction
between the source and the absorber. As a general rule, it is desirable that the ratio
between the detector-window radius and the source-detector distance be less (assum-
ing the source radius is equal to the window radius) than 0.1. Sometimes when a
particular source may be quile weak, closer distances are necessary to get any sort of
spectrum i a reasonable amount of time.

E. TEMPERATURE CONSIDERATIONS

A examination of the plots in Fig, 6.4 reveal the importance of temperature in
obtaining observable spectra. For most Mdssbhauer transitions, it is necessary that the
experiment be done at low temperature, often down to 4.2 K, which can be achieved
using liquid helium. Some spectra can be oblained using liquid nitrogen for coaling
(77 K). Commescial Dewars readily available which are not already suitable can be
easily maxdified for Moasbauer spectroscopy. The Dewars are constructed either fram
staimless steel or glass, the lamer being bess expensive but more easily broken.

Many different absosber-source-detector peometrics and configurations are possi-
ble. The most common has the absorber and the source at the same temperature inside
the cryostat, and the detector outside. Mylar windows (vsually aluminom coaled) are
most commonly used fo minimize the nonresonant absorpiion of the gammas.

Often it is quite important 1o gather Mossbaver data as & function of emperaiune,
These can be obtained using feedback heating devices that give temperatures from
4.2 K to well shove room temperature. For higher temperatares, specially con-
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stracted vacuum chambers are used, They are constructed with materials that are
nonfeactive with the sample at temperaares as high as 30 K. On the other end of
the temperature scabe it is possible o carry out Mossbauer experiments well below
4.2 K (o the order of 107%) by using "He ="He dilution refrigeralon, now commer-
cially available. More details of these cooling and heating devices are described in
several good review articles (6,12,.22),

F. APPLIED MAGNETIC FIELDS

The common types of electromagnets are usually nol adequate for use in
Misshauer spectroscopy because they produce fiebds that are o small to resalve any
interesting information. Most of the studies use superconducting solenoids capable of
giving fields as high as 10 Tesla, These magnetic devices ane constructed ingide the
Dewario give large [elds parallel {longitadinal) and perpendicalar (iransverse) to the
sourse-absorber direction. These magnets are commercially available for Misshaver
SPectioachpy.

G. VELOCITY CALIBRATION

Calibrating the energy function of a Masshaver spectrometer is a nontrivial
procedure. In most instances one of two types of procedures is used. The simplest and
most common is the use of standard reference materials whose Mosshauer spectra
have peaks that are well defined in velocity units. The other method is an optical one
which uses either a Michelson interferometer or a Moiné fringe device.

Several standard calibration references are available, The most common reference
is the *Fe Massbauer spectrum of a-Fe., The splittings for various materials are given
in Fig. 6.17. The a-Fe has several advantages, including multiple peaks that not only
allow for the determination of the velocity calibration scale constant, but also enable
o check of the lmearity of the spectrometer. Sodium  nitroprusside
(Na,Fe(CNLNO - 2H,0) is another commaon material but no check can be made on the
lingarity because there are only two peaks, This i wsually employed when the
velocity scale s small in a particular experiment, i.¢., a maximam velocity of less
than 3 mmi/s. Although both of these materials are the most widely used, there are
several other subatances that are used. These give muoltiple line spectra for larger
velocity scales than those for which a-Fe is suitable. o-Fe 0, can be employed, but
care must be taken because of the possibility of other phases, To achieve lines at larger
velocities one can use a source of *Co in a-Fe and an a-Fe absorber, which will give
lines over a range of velocities of 20 mm/s. Finally the largest practical splitting
currently wsed is the Dy Mosshavwer spectmomof Dy metal, whmhgm:s peaks over i
range of velocitics exceeding 400 mm's.

Recently two optical devices for calibration have becn gaining wide support
{9,13,14). These are now available on most commercial spectrometers and are more
precise than the reference calibration discussed above. Both optical devices can use
either a lamp or a laser, but the latter is prefemed.

With a Michelson imterferometer, one cun measure distance and time very
precisely to determine velocity. There are two basic mirrors: one is fixed and the other
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is conmected 10 the moving rod of the transducer. The intensity of light detected af the
photodiode depends on the position {x}of the moving mirror (see Fig. 6.18), sach that

o gin %’g (35)
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where i i3 the wavelength of the laser, When the miror moves A /4, the intensity of the
laser beam at the photodiode will change from a maximum 1o zero, The photodiode is
used o count the number (n,) of the tmes there is a change from dark to bright o
dark. The calibration of a particular velocity channel is achieved using the following
relation for the average velocity:

o o Mk
u'_EN'E-E (36)

where &1, is the time spent in the channel and V is the number of times the channel has
been opened for counting.

Similar is the Moiré fringe method, which is also shown in Fig, 6,18, The averige
velocity of the { channel is given by

.

= et T
Vi = INar, (37)
where d is the grating distance, The Moiré method does not reguire the sometimes
difficuli aligning and focusing necessary when the interferometer is used, but it is an
order of magnitude less precise. The interferometer gives a “direct measurement,”™
while the Moiré method requires a knowledge of the spacing between lines in the

grating. However, an advantage of the Moiré devices i3 their compaciness.
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H. CURVE FITTING

Misshauer spectra are collected and stored in the form of digital data. This allows
spectra (o be examined very carefully, usually by attempting to fit the data to a
theoretical model. The most important data frequently are the positions of each of the
spectral lines. In fining the data to the model, it is normally important to know the
intensity and the line width of each absorption peak. As discussed earlier, the shape of
absorption peaks for zero-thickness absorbers is Lorentzian, Even though samples
are of finite thickness, the Lorentzian shape is a good approximation and can be
treated with computers quite casily. A more general line shape & the “transmission
integral” but the computer time necessary for the fining is long and prohibitively
expensive. However, when there are two or more Lorenizians overlapping, serious
consideration must be given to using a transmission integral fit as opposed 1o a simple
sum of Lorentzians,

Most of the computer programs used contain subroutines that perform beast-square
fits for the data, Before this is done, a certain amount of preprocessing of the data is
required. The digital data is in the form of channel numbers (representing vebocity)
versus counts (representing intensity). If the spectrometer is not linear in velocity,
velocity values are assigned o each data point using the data obtained by one of the
calibration techniques described earlier. I a transmission integral fit is desired for the
least squares, then the velocity scales must be adjusted to allow for a constant velocity
increment between data points. If the asymmetric velocity wavelorm is used, then the
spectrum can also be folded since the first hall of the data is a mirror image of the
second half, This procedure will remove some of the unwanted features of the data
due to the geometry.

After the preprocessing, the least-squares computation can be performed. Com-
parison is made between the experimental daga (¥} and the thearetical data (A ) for a
particular medel. In particular, & function () 18 minimized:

=y LoAr (38)

whede o, is the standard deviation of ¥,. Since noclear decay data is described by
Poisson statistics, i.e_, the standard deviation is nothing moge than the square root of
counts in the channel of interest, squation 38 becomes

=¥ =AM
i

[3%)
Care must be taken in proposing a centain model and getting a good £t for the data,
since it is often possible to have two models give almost identical values for x°.

Some laboratories do nok perform a least-squares fit but merely estimate the peak
positions, widths, and imiensity from a plot. However, digital computation gives
experimental parameters that are approximately an order of magnitade mone accurate
and precise. The data from a storage device can be outputied by one of several devices
such as x-y plotters, strip chart recorders, paper computer tapes, oscilloscopes,
teletypes, and even on-lme devices.,
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V. ISOMER SHIFT AND ITS APPLICATION

The basic interaction which results in the isomer shift (5) has already been
described in Section 111, The isomer shift can be wsed to mesiure electron densities at
the nucleus although primarily one measures changes in it when going from one state
o anisther (2.2, changes in the chemical species, the physical phases, or reference
frames). Of the various Mosshauer parameters, 8 is centainly the most unique since
the information it provides cannot easily be obtained by other means. The first report
of & data was made in 1960 by Kistner and Sunyar (23). Since then there has been a
voluminous amount of experimental and theoretical work reported in the literatre.
Ope of the major contributions his been an entire book on the subject (35}, This
approximately 1000-page volume covers a comprehensive range of topics discussed
by leading Misshauer spectroscopisis,

For chemists and solid-stale physicists the isomer shift can be comelated to a
number of factors, These include the number of ligands, the geometric arrangement
of the ligands about the Missbauer nucleus, the electronegativity of the ligands, the
bonding characteristics between the Mossbauer wiom and the ligands, and the
clectronic state of the Misshauer atom. Most fruitful Mossbauer isomer shift data is
obtained when a series is considered in which all variables are held constant except
one.

Most of the § data is interpreted in the confext of empirical relations, i.e., the
isomer shifll is comelated either with those factors mentboned above or with data from
other experimental methods (e.g., NMR, IR, ESCA, and powder X-ray diffrsction),
Theoretical development has bean gradunl but shows promise as guantum methods
are continuously being refined.

A, ELECTRON DENSITY CALCULATIONS

Since the isomer shift Is a measurement of electron density in the vicinity of the
nucleus, quantum determinations in the form of ¥73(r = 0} have offered much insight
inter those species studied, For example, various self-consistent field (SCF) calcula-
tions have been used. In these calculations the Mosshaver atom is treated indepen-
dently of any ligands, i.c., as a free ion. One of the first treatments was the Hartree-
Fock calculatons for iron by Walker, Wertheim, and Jaccarino (43). Thelr resulis are
given in Fig, 6.19, This plot can be used to interpret isomer shifis of jonic materials.
Similar calculations have been done for a number of other Missbauer atoms. As an
example, the results for antimony are shown in Flg, 6.20 (32). In both of these
figures of plots of electron density versus electronic configuration, the isomer-shift
scitle has been superimposed.

While the SCF results are instructional in understanding factors that affeci the
isomer shift, they neglect covalency, This can be incorporated into the model by using
some type of molecular orbital (MO} method, which wsually considers only the
valence atomic orbitals. Specifically, molecular arbitals are assumed to be made up of
a limear combination of atomic orbitals (LCAQ), i.e.,

Wian = Ratpu + @it {440}
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where ¢ and & are the atomic orbitals of the metols and its ligands, The coefficients
ay and a; contrel the amount of mixing of each atomic orbital which gives the
molecular orbital. An example of an energy diagram which results from these
considerations s given in Fig. 6.21 for transition octahedral metal complexes
containing ligands with bonding (17}, The relative spacing of the energy of the
malecular orbitals i related to the ligands and the geometric structure. The filling of
these levels and values for the coefficients {ay and o) are quite important in the
interpretation of isomer shift data since they allow the determination of electron
populations for the Mosshauer stom.

Extended Hilckel MO theory provides a fairly simple procedure for obtaining the
needed electron population to mierpret Mossbauer parameters. In this procedure all
aloms in the molecular system are considered. The basis set is usually taken from
Slater-type atomic orbitals in which all the valence orbitals of each atom are
considered. Overlap integrals are calculated, but Coulomb integrals are sef equal 1o
the proper valence state ionization energies (42}, The Wolfsberg-Helmholiz approxi-
mation is used 10 obtain numerical results for the Hamiltonian matrix (47). This
maodel has been successful as o semiempirical approach.
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B. OXIDATION STATES

Feoan Figs, §.19 and 620, it can be seen that isomer shifis can easily be used in
meany cases o differentiate berween oxidatbon states. Even for bron where the
difference between Fedll} and FedI1D) is only a 34 electron. it is wsually fairly simple
to differentiate between the two &'s for many compounds. While 34 electrons have
essentinlly no direct effect on the electron density at the nucleus because they do not
penetrate it, they do shicld the 45 electron of an iron stom from the nucleus. Fig. 6,22
containg several examples of collected data showing the relation between & and the
oxidation s1ate of the Mosshaver atom. In many cases, there ig a distinet range of
isomer shifts for a particular oxidation that does not overlap with the range of another.

C. ELECTRONEGATIVITY

Within the range of isomer shifts for a particular oxidation state, the second factor
that affects these values s the electronegativities of the ligands. Generally, as the
elecironegativity of the ligand increases, there s a corresponding decrease in electron
density at the nucleus. There are many cases of linear relations between the somer
shift and electronegativity or a related parameter. For example, many  iodine-
containing molecules are made of bonds which are only pure p. One such emparical
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result for this class of compownds 15

&= 0,136k, — 0.54 (41}

where fi, is the number of vacant “p" orbitals at the jodine (30). The valwes for &, are
directly related to electronegativity.

More commanly, the linear empirical relation exists directly between the isomer
shifi and the ligand electronegativity, Such an example is shown in Fig. 6.23. The
resulting lincar equations for these two series are & = 2.6 4+ 0.019 - (lonicity in
percent) for B.5bX and & = 1.4 + 0,034 - {lonicity in percent) for B.5bX; (10).

. PARTIAL CHEMICAL SHIFTS
Mumerous cases of linear relations between ligand electronegativity and isomer
shift have led to the concept of partial chemical shift {pes) (18), 1.e.,

5 = Constant + & (pes), (42)
=1
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where n i5 the coordination number. Using pes tables, it is possible to predict isomer
shift values for various compounds, or conversely, isomer-shifi data can possibly be
used to determine geometric structures. For example, see the recent *'5b Missbauer
data summarized in Table 6. VI for Me,SbCly- .- X-ray single-crystal data is only
available for SbC1y, which indicates that the C1's are trigonally coordinated to the
antimony and the Cl=8b=Cl bond anghes are about 95° (25), It is enlikely that X-ray
structural data can be olained for the other three compounds due to the difficulty of
growing single crystals and their reactivity. Mbssbauer spectroscopy is then of special
value because it gives clues to strectare. Inthis particular example, it is apparent that
the structures of all four species are quite similar since there is the constant change in
8%, e, [pes(CHy ) = pes(C17)] = 1.9 mm/s and the model of partial chemical shifis
requires that the structures in a series be the same.

The values of the pes, a5 has been mentioned above, depend on a number of
factors; but if all of these are kept constant and only the ligands are allowed to vary,
then regardiess of the particular Mosshaver isMope or the structure being considered,

TABLE 6. ¥11E
1215k Missbaucr Dt for Me, SBC - ., (39)

elqQ | exp
e s elgfd | theory wexp
r  {mmis) [EAK ] {rmmfa) (=113 n theory
(i} -89 +131 +15 2 0.0
1 —-d.2 + 3.0 R 0.4 03
2 =25 =Hi.H =38 0LE 0.5
i =1 +15.8 + 15 0 0.0
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aspecial ordering is observed, Thad is, if the ligands are ordered acconding to their pos
values, the resulting series will be nearly identical to the spectrochemicnl series,

E. SECOND-ORDER DOPFLER SHIFT

Care must be taken when interpreting isomer-shift data because included with all
isomer shift values 15 a very small contnbution due to the sccond-order Doppler
(S0D) shift, This contribution needs 1o be considened and cormected for in those few
cases when it s significant enough 10 measurably change an isomer-shift value.

30D shift results from the relativistic emission or absorption energy shift of a
stationary system seen by another system that is moving; in this case the systems are
the source and the absorber, This energy shift in the emitting {or absorbing) gamma is
given by

son= E (1 + vle + W2 vleF+ ...) (43)

The second term will average out since { v ) for a vibrating nulceus is ero; however
l::v'-l:l- is nonzero. Therefore, the second-order term will contribate io an energy change
in the gamma referred o as the second-order Doppler shifi. The Debye model can be
wsed b evaluate this shift (8,00, One finds

Biciie —sﬂf[mﬂ {ﬂn,]J; w:_ l}] 4

Values of these shifts have been calculated for ¥Fe, "8n, and “'Sh and are in
Table 6.1X.
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The womer shift measured is & sum of the chemical Bomer shifis, the primary
contribution, and the second-order Doppler shift (Gseab, which in most cases can be
ignored. Therefore, in general one has

Bnese = Bgap + 6 (45}

F. PHASE ANALYSIS

1. Phase Transitions

In most cases, the electronic structure is different encugh in two different phases to
allow the ase of the isomer shift o determine if and where a phase transition has
occurred, In these cases of first-order transitions, there will be a discontinaity in the
isomer-shift value, The sual parameter varied is temperature,

Some spectromeiers have been designed that operute af a single velocity st on an
absorption peak. Then the temperature is varied and the number of gammas detected
for each temperatare increment is recorded. When o phase change oceurs, the count
rate will increase due 0 8 decrense in resonance absorption, The resulfing phot of
counts versus lemperature 15 called a thermal scan and is considerably less compli-
cated than obtaining a complete Mosshaver spectrum al each lemperatune.

2. High Pressure

Besides temperature, the pressure can also be varied. This has been secoessfully
accomplished for about 10 Méassbaver transitions. Studies have usually been centered
around phase transitions and for the effect of pressure on the isomer shifi. There is a
definite volume dependence of the isomer shift which can be expressed as

(1]
{m): = gonstanl {44h)

As for iemperature, it is possible to vary the pressure as & function of the number of
COURLS 8f & constant veloeity.

3. Chemical Identification

Misshauer spectroscopy can be used for assisting in the identification of particalar
chemical substances, For example, it has been used to identify those iron minerals
found in samples brought back from the moon. In these identifications, the somer
shift is usually used along with possible quadrupole coupling and magnetic hyperfine
data when attempting to identify unknown materiaks, Other active scientific areas of
interest in which chemical identification Is important inclede cormosion processes,
mechanisms in catalysts, biological activity of iron-containing systems, and even the
history of ancient artifaces, primarily pottery. Using Mosshaoer speciroscopy as a
fingerprint is discussed quite thoroughly in several chapters of a book by Bancroft (3).
Mumerous detailed examples can be found in Stevens and Shenoy (3%a),
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¥1. MAGNETISM

A. LINE INTENSITIES

As discussed in an earlier section, there are six Missbauer rransitions observable
for ¥'Fe due to the interaction of the nuclear magnetic moment and a magnetic field.
For these transitions Am; = 0, = 1. The intensities of these transitions have an
angular dependence which is related io Ami ;. A convenient angle () is defined as the
angle between the directions of the magnetic field and the gamma-ray emissiom. A
number of the angular relatbons are listed in Table 6.X. Usually there is no preferred
direction, and thiss the relative intensities of the peaks can be determined by averaging
the angular dependence over all angles. For *Fe this gives a 3:2:1:1:2:3 rtio of line
inbensities, If a “Fe magnetic Méssbauer specira does not give this ratio, then there is
a preferred orientation in the material. For example, in the two extreme cases, § = o
gives 3ul:lok3 and & = 00" gives 3:4:1:1:4:3. The spectram shown in Fig. 6.8is, in
fact, closer to this tatter ratio, indicating that the aligned fields in the foil are mainly in
a direction approximately 90° relative to the gamma direction. It is useful to know if
there are preferred magnetic field directions in materials and a determination of this is
possible with Mbsshauer spectroscopy. When prefermed directions do exist these
materials are said to have “texture.”

B. CONTRIBUTIONS TO THE MAGNETIC FIELD INTERACTIONS

Besides magnetic fields due to external sources, there are three primary internal
magnelic feld interactions (44} which have been discussed previously in Sec-
tion IIT.B. One of these, the Fermi contact interaction, results from a direct coupling
between the spin density of & electrons at the nucleus and the nuclear spin. It can be
expressed as

H,=—13§ g5 s T (47)

where 8 is the Bohr magneton (8 = 9.274x /107 Joule Tesla) and 5, & the cone
electron spin. The summation represents an imbalance of electron density at the
nueclews. This polarization comes about wia the unpaired elecirons in the ouler
electron shells of the stom. The Fermi contact is usually the largest of the magnetic
field interaction terms.

A second contribution to the internal magoetic field interaction is the orbital term

Ho=28 5T (48)

There are several cases when this term 1% rero, These inclade thode whied ah outer
electronic shell is either half full and i high spin or completsly full. For example,
high-spin Fe{III) compounds do not have this magnetic field contribution.

While the Fermi contact considers the interaction of the nucleus and the spin
density of the electrons at the nucleus, a third contribution considers the inleraction
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between the nuclear spin and the spin of the electrons outside of the mscleus. This is
called the dipole interaction and the resulting field can be expressed as

Hp=-28 arfr,’-;]rT (49)
The dipole contribution is wsually quite small compared to the others and is zero in
ciases of cubic symmetry.

(nher possible sources for an effective magnetic field include the conduction
electrons that are polarized by neighboring atoms or other electrons in the atom. Also
possibly contributing are fields produeced by neighboring atoms either by overlap
distortion of the core 5 orbitals or dipole felds of kecalized moments (415,

C. MAGNETIC HYPERFINE FIELD SPECTRA

The common difficulty encountered when interpreting quantitatively the
Missbauver data (8, ¢°gQ, magnetic hyperfine interaction) is not knowing the value of
the nuclear components of the mteraction equations. In the case of the magnetic
hyperfing field interactions, however, the nuckear term (the nuclear momeni or
nuclear g factoc) is ofien known well encugh. Values of these are given in Table &, X1,
The nuchear g factors in this table are given in units such that the values in mm/s of
observed spectra splittings can be then directly converted 1o onits of Tesla. For
example, (see Figs. 6.7 and 6.8 for &-Fe) using the g, and g, splittings in mmy/s and
the values 0.1188 mm/(5 - T) and 0.06790 mm/{(5 - T}, respectively, the value of
33 Tesla is obtained for the effective internal field of metallic ron.

VIL. QUADRUPOLE INTERACTION AND ITS APPLICATION

A great deal of our understanding about the nuclear quadrupole interaction has
come from NQR (nuclear quadrupole resonance) speciroscopy, which was already
fairly well established when Msshaver speciroscopy began o be used for making
quadrupole measurements. While Mbssbauer spectroscopy does not have the preci-
sion of NQR, it does add to our knowledge of quadrupole interactions because it
enables observations of quadrupole coupling in many materials not possible with
NOR, Thess are materials that have ne quadrupole interaction in their ground stafes
since their spins are either O or I/ 2, However, excited nuclear states usually have spins
of 1 or greater. As nuclel undergo Mibsshaver transitions, their spectra reveal
information about the quadrupole coupling in their excited states, Primary examples
of such cases are *Fe and '™Sn. Another contribution of Mbsshauer spectroscopy 1o
the study of quadrupole inferactions is the easy defermination of the sign of the
quadrupale coupling constant, Examples include ™Sb and '],

A. ELECTRIC FIELD GRADIENTS

Quadrupole measurements give information about the electric field gradieni
(EFG). Although the EFG in general contains nine elements (sce equation 25), the
information of ferest is condensed into two parameters: the principal diagonal
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# The angular dependence is related 1o the multipolarity and the | Savp | walue, Le.. or dipole radistion (M1)

| domy | =10 : sin®d
| dmy | =1 :“.-‘-t'r.llzﬂil'i

and Tor quadrapok radiation (E3)
|Amy | =0 : 34 sin? 20

| dmy | =0 ¢ 12 Geon™® + cost26)
fdmy| =2 1 U4k + sin’ 2

whero 8 m the anghe berwesn the direction of the mageete fiebd snd the direction of the emission of the gamma.

P A% ae nelative bercnsickes.
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# Uncertainties in the last digitts) are given in the parenthesis.
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TABRLE &.X0
The Elermens of the Bleceric Field Gradiear
in Sphevical Coordinmes for o Point Charge
¥

Vi = ge~ Y3 ainMeoad— 1)

||":n, - g.r'l'[!:inlﬂlin’qi— 1y

Vo= gr Xlcoa®¥= 1)

Vg = Vi = gr~ Y Msin'himdcosd)
V= ¥y, = gr- N3 sinfoostcond)
=V, =gr Y3 sandicassinsi )

component of the diagonalized EFG (see equation 26a) and the asvmmetry parameter
{see equation 26b),

The elements of the EFG for & single point charge ¢ are given in Table &.X11. In
generalized coordinates these elements are

Vo= gl3xx, — rby).

When there are several point charges, the contributions from each musi be added 10
obtain the EFG elements of the configuration. The source of the point charges are
either valence electrons or ligands, The contributions to the EFG can ofien be
obtained from theoretical calculations using molecular orbital-wave functions. For
convenience, the EFG should be diagonalized. By choosing the most apparent
symemetry axis of the system as the 7 axis, the EFG matrix will usually be diagonal-
ized with V. as the maximum valued element.

An immediate application of the terms in Table 6. %11 can be made by comparing
the ligand contribution of the cis- and trans-octahedral complexes of type MAGR,,
The diagonalized matrix elements for the cis-ligand complex are

Va=V¥,=(4— B
Vu={(—24 + 2B)e (1)

where A = Z,/ri and B = 4. The ssymmetry parameter, 7 = 0. Likewise, for
the trans -ligand complex, the diagonal elements are

Vo=V, ==2(A - Bl
Ve=—2(—24 + 18 (52)

and the asymmetry parameter 7= 0 once again. Mote the difference in sign and a
factor of 2 when comparing equation 51 with equation 52, Mossbauer spaciroscopy
allows for casy differentintion betwesn these two structures. The success of the
Missbauer results i demonstrated in Table &, X111,

As mentioned above, valence electrons can also contribute to the EFG. § electron
wave functions are spherical and therefore do not contribuie to the EFG. Likewise, if
the valence p or d shells are half filled with o spin-pairing or completely filled, there
is o contribution to the EFG. In all other cases, valence elecirons contribute to the
components of the diagonalized EFG. The g values (see equation 26a) for each of the
p and d electrons are listed in Table 6. XIV.
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TABLE 6. X111
Compartson of Qusdrupobe Splittings. for
efi-rrirved [scmmers of Low-Spin Felll(4,7)
A

Campounds {mm.fsj
irars-Fel ol ArNC)* + .55
cii-FeClA ATNC) =0.TH
iravws-Fel BnC L bl ANl (+)1.0%
P (Sl At = Wi 50
trans-Fe (CHIAEINC), —0.60
wdn =P (CHEINC), { b WL 30

# AMC = p-methoxyphenylisocyaside.

A general expression fof the todal g wvalue can be written by summing the
contributions from the ligands {lanice} and the valence electrons, i.e.,

g = (1 = ¥.) e + 11 = B) rstenee

where y. and R are Siermheimer antishielding factors. These factors correct for the
polarization of the core electrons by the ligands (y.) and the valence electrons ().
They can be calculated from self-consistent field methods.

The valence term can be further subdivided mto the contributions from the crystal
field and from the electrons in the molecular orbitals that are created by the metal and
its ligands. The crystal ficld term will be important when considering nontransition
metal complexes, Using the values in Table 6.X1V, an expression for the p (g,.) and
d (g, contributions can be wrinen based on the populations of the atomic orbitals,
LB

i =4/5 (1 — R, [N, — 12 (N, + N}

; - (53)
TABLE & 51
Magniimde of the Dingonal Electric Feld
Gradieent Tensor Blements for p end o Elecirons

‘I.“ "'In "'I-Lr
Wavefunction {efr= "} kl:r"':l-b felr =}
oy —4/% +1f5 +2/5
Py +2/5 -4/ +i3
n 4105 + 105 =45
" -7 - +4{7
iy =17 +417 =27
il +4f7 -1 =i
. =2 21 +4f7

o +17 +2f7 —4f7
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=MW = RN+ 2N + N — (N 2+ N

{ri')

(54)

L]

The lattice term can be evaluated if it is assumed that comributions come from only
the nearest neighbor, When the particular geometry is known, the components of the
EFG can be found from Table 6. XV, The remaining quantitics to be determinesd are
the charges (£, Zy,...) and the radii {1/ry. Urd.. ..} It is possible o use MO
calculations for the Z values and structural data for the 1/r* values. Another method
for evaluating this data which is qualitative, will be described in the Section
* Additive Models."”

Recall from equation 26b that the values of the diagonalized elements of the EFG
all contribute 1w the asymmetry parameter, n. If ¥V, = ¥, (true for the many
complexes that have cylindrical symmetry), then 5 = 0. The other extreme occurs
when either V', or ¥, is equal to zero; thenn = 1. 1815 unfortunate that for ¥ Fe and
%50 Mosshauer spectroscopy the value for i cannot be determined from data for the
pure quadrupole imeraction. This is dug 1o the fact that the messured quadrupale
splitting {&) is a function of both ¢ and % (see equation 31), therefore not allowing for
the independent determination of these two parameters. However, these quantities
¢an be determined from Mbssbauer spectraof higher-spin nuclel, For “Fe and "®Sn, it
is possible to determine by removing the remaining degeneracy in nuclear levels
through the application of a magnetic field.

B. SPECTRA

As discussed in Section I1.C, when a nocleus has a nucledr quadrupole moment
and an electric ficld gradient is present, the nuclear bevel splits into (20 — 1) levels,
The energies of the two resulting levels for /' = 312 are given in equation 30. [tis not
possible b express the energies of the split levels for most cases of F in closed form, A
saries approximation has been worked out for the various J states (33). These can be
obizined by using the series expression for the split energy kevels:

d
E,il.m)= eigQ *;_'hn.:r.m* (55)

The values for a, are given in Table 6.XV1. The Mosshaser spectra will indicate
quadrupole splittings, if they are present, m both the excited and the ground nuclear
levels. The shift for each possible Massbauer line (AE ;) can then be expressed as

AEg= Ej - Eq (56)

where the * represents the excited muclear level. When [ 2 | for both excried and
ground nuclear levels, one may substiiaie equation 36 nwo equation 55 giving the

energy shift as
AE(I,m) = e'q Q [RGEGU", m ) = Egil,m,}] (37
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TABLE 6%V,

Siructaie Emmﬂﬁﬂﬂ]-"* Stracture Compound of the EFG
z VemVym V=] 1 ¥y = {204] = Zu(B] + Hch}e
B A V= {=l4]= [8]+ 2C e
| 'L V.o = {141+ 513181 = 23CT}e
ﬁ{ ...... e Vo= V= (V2M-2081+ HCD}e
B e [ e L e T ]
Ep B Fad n:n =ty
: Vo= {2A)- 28]} A= 1126 1004p% + 813 Q1
- Vo= {=[814 [Al}e Po= 4]+ 18] - 20C)
l Vo= (#1814 [Tk g;m_—u:L
SRR - = igno
PIES ] 1gn
B g
-;ﬁ Vo= {24l = HElle . Vi = (241 - 20%08] + (€] # [D1e
L ¥y, = {2081 - 2l AT ¥y = {=[a] = [8] + [C]+ [D]}e
A Vo=10 I Vo= =141+ 5318] = 1/MICT+ (DD }e
Ag B =y ’,,"i",~~ ¥y = ¥y = IVINVHIC] = [Dh)e
Dy C Vi = Vo= (VY =2[8] + [C] + [Dh)e
Vo= ¥, = (2WRIC]- (B}
LR
1 Vo= {481 — 3La P}, H Vo= {-HA — (5] + dlBP=}
g B/ Vopm {32(0]= — 2B}, s B V= (SIHAPe — [BF= - 2 gP=}y
. Vo= {328 — HEFs}y %] Vo= {=1204 P+ 2[5P= - HaPE=}
M=Ber---% =1 b— b n=0
A Fd
B g A B
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B g B:

B A B

g
M
A1

B ¢ B

Vo= (2[A P = HETES = /2[5 P
V= {=laF= = 2[5 5 sRlE=]e
Vo= {=l4F+ 455 - HE=},
e

Vo= {204 - 3lBP= + HaP}e
V= {—[A]™ 4+ 35381 — (5],
Vo = {—{AF 4 33 BPe — [gP]e
=0

Va= V= V=0

Vo= {HA) = AB0)e
V= (18] - [Al}e
Vo = {181 - Lilke
n=0

Vo= {4l + AC] = dBlle
V= {2[8] = [A] = [C]}e
Vo= {28l =[] = [cl}e
n=0

Vo= fdla i — 300 Te),
Vi = {—2lA ™ + W2{B=)e
Vo= {=[A ]S 4+ 35[0 =],
ne=0

Vo= {2aFe = 2aEs + 2[4 = [4]),
Vopm {= (B 4 sRIEHE = [4 == [4]}
Vo= {-[BP= = 2080 = (410 & 2[4 )e
L L)

Vo= {dlA] - AE1}e
¥,={drl- 2alle
Vi = {881 - 2alke
p=d

V. = {AB] - Halle
Vo= {141 = [B]}e
Wy = {04l = [B]}e
n=10

Vo= {fal - Helke
Vi = {IC] = lal}e
Vo= lici—ialle
=



TABLE £ XV, (Conr )
“‘WMM Expremsions fof the Componests of the EFG Tensor at & Muclens M Due o Ligands A B C. D for Commaon Serectures (5).

Etrecure Componenis of e EFO o e hare Compound of the EFG

: V= {2al - 18] - [Cl}e z ¥y = {dAl = Hclhe
P Vo= {-[8l+AC)-Al}e e Vg = {4lC) = AB] - [Al}e
I 7 ¥y, = (A8l - [C] - lal}e |/ ¥, = {3l8] - AC] - [Alke

b L Lt 4| e
Al e B
B g B B g E,_

H ¥em Vpm V=l : Vo= {44] - 28] - ACle
A A B EA g ¥y = {lC] + (8] - Halke
\,\.l:‘ll,r \‘i".-' F,.-{lfi+ﬂl—ﬁ-'lnf

M X §=0
Pl A
A png B B g C,

E Vo= {3l4] - 3E))e z ¥, = {alAl = 2Bl - ATk
ok 3 Vo= {308] - 3lalle ik Vo = {al8] - 2C1 - dalle
N Fa V=0 L Vi, = {4lc] - 2081 - Halle

M m=1 M n#{

PN il RS
C s B

B oA A




g

£ ¥ Vo= {HAl +[€] - ABlke k ¥ ¥ m {IA] + [B] = ACl}e
A r.*". Vo= {318] — 2ol = [Al}e ak g Vo = ALR] + (€] = 2alke
B, V= {l€]1- [Alke | Vi = {41+ (€] - 2Blbe
X L] LY nEl
Bt A1
B¢ B Cap A
X X
z ¥ W= (4B = 24] = ACT)e z ¥ Vo ={alc] = 2Al - HBl}e
cB & Vyp = (1A + [€] = 2B} g g V= {41+ (8] - AC]he
| # W= L] & [C] = 2B} | Voo = {lAl+ [B] - 2 ENe
M n=a M =40
P Pl
Cp A B ¢ A
e 8 I 3

® The chokee of EFG axes i usunlly indicated on the diagram of the stnachure o in s fooinote. Inall cases, except the four-coondisaie MARC; snd MABCD
siruc iares, this choice af anes serves b0 dagonadize the EFG tensor, The orderssg of the axes b preserve the gomvention | Vo | = | vV | = ¥ | will depesd
on the [1L] values. Thus, the final choice of axes may sog be the same as ghven heee; Le, V. may hecome Vo oor Vo, et

¥ YWhenever v is not 0 or I, i & eaily calculated {aler disgonalizing the sensor), aking | V| =| ¥, | =| V5| csdusingy = (V,, — VWV, For
example, take the thind kst structure in the table, MABACx o = 3[C] = AAVIE] + IC] - 2[4]

* The x axes coincide with the Cy symmetry axis, and B v s o angs [ie in the symmelry plancs.

4 The y axis is perpendicular o the symmeiry plase, while the 5 amd = &xes lic in the plane, The oricatation of the + s © anes depends on the relitive magni-
indes of [A], [B), and [€'L and ihe iermwor must be diagonalined sepaestely for each cise cossldered. The Faad (f expeessions ead o the megnitode of the quadns-
pole splitting and is obtained from the symmetrired pasameters of Clark (2).

* The EFG temor must be diagonalised Sof each example conshdered.

I The superscripts the and tba refer o rigonal-hipyranvidal equatorial s erigonal-bipyramadl avisd boads, respoctively,
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TABLE 6.XV]
Elgenvabes Coelficieats (A ) for e Meclesr Quadrupole [tersction (33)
! my dy @) 3 @y ay
X2 =32 0.2500 =D 00425 — 00 =0T
=12 =k 2500 — K — {425 020 RN T
2 2 . 2500 il 0 1] [1]
] =L 1250 L 1250 L1} i i}
o =250 LR — 00428 0020 L0017
= | =}, 1250 =i}, 1250 0 [i] 1]
=2 02500 =), 1] (D 2E = {0030 = {7
502 =52 0, 250 0,000y 0.012% 0.0 — .00
=33 = {105 =], Q] ), 830 =031 000
=112 =, Bk} LURT LT} =), 100§ L0408 = {0
3 =712 0, 500 o, 00 0,063 .00 = {025
=413 0.0357 0, [0 0,0242 00024 =1, (054
=32 =0, 1071 =1, D00 0. 1318 =0, 1327 .07
=142 =0, 1783 0,003 =0, [65% 0, 0239 =i, (35
a2 =43 0, 2500 -0, (004 0,007y =1, [ 0, D
=712 00813 0,000 0,020 =104 0,007
=52 =i0.0417 0, 000R 0,005% 0.0353 = ), (0
- &[] =0, 1230 0.0052 0. 1404 =0,3085 0,084
=12 =10, [8a7 — 004y — L 20 0. IRRR =079

R g is the ratio of the excited nuclear quadrupole moment to that of the ground nuclear
quadrupole moment, Values of & o are listed in Table 6. XVIL If 7 = Oor 1/2 for one
of the nuclear levels, then simply

E'ﬁ' = E,ﬂ.{f,mrl ar
Eg=E} (I*, mp) (58)

Table 6.XVII also gives values for the nuclear quadrupole moments and for the
quadrupole coupling constant &%, which are nesded for evalusting and interpreting
quadrupole Mossbaver spectra.

The only remaining items that need o be evaluated are the transition infensities for
each MEsshaser line. Again, in most cases, these are not known i cloded form, bui
have been evaluated as a series {33). The intensities can be expressad a

4
A(; *| I-. Mg ) = :':i:lbl [F'I f.mem fh. {sg}
where the values of b, are given in Table 6. XV,

In Fig. 6.24 ™'5b is considered in which plots are shown of the encrgy splittings,
the relative intensity of cach transition, and the ¢ffect of n on the relative energy
positions of each peak. An example spectrum in which o = 0 is shown in Fig. 6.11.

For many substances v = 0, simplifying a number of factors. Far ¥'Fe and '¥5q,
the spectra reduce 1o doublets (see Fig. 6.10). If the absorber is powdered and there is
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o preferred direction for the small crystals, the intensities of the two peaks will be the
samee. An additional requirement, bowever, & that there be no lattice anisotropy. If
there are preferred directions, the intensities will be unequal, This is illustrated in
Fig. §.25 where the intensitics are plotied a5 a function of the anghe betweesn the
direction of the gamma and the crystallographic 2 direction.
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RELATIVE INTEMSITY
L5

o i 0 10 4 % 0 &0 o -2y 1]
a

Fig. 6.15. Relstive inensithies of the reo quadrupolar split absorplios peaks s s fesctios of the angle
betwees the direction of the gamms and the crystallographic diection,

C. ADDITIVE MODEL

The quadrupole coupling data can be used quite successfully with the addinve
model. This model has similarities to the partial chemical shifts discussed in Section
Y. [ Using the equations in Table 6 XV and the experimental data, A's, B"s. . .can be
determined. These values are called partial quadrupole splinings (pgs). To determine
the rest of the pgs values, one must assign a value of the pgs for one ligand. These
values can then be used 10 assist in the interpretation of Mossbaaer data on substances
about which litthe is known. The model works quite well in most instances because,
although the equations in Table 6.XV consider only the ligand contribution to g . they
are also applicable w the popalations of the molecular orbitals when the orbitals are in
the direction of the ligands, as they usually are.

Examples of the usefulness of the additive model are apparent in Table 6, VIIL.
Uising pgs valwes for chloride as zero, for methyl as 13,0 mms, and for the lone paie
85 7.5 mm/s, one gets the calculated values for the quadrupole splitting shown there.
The relative values of the pgs for these ligands indicate, as expected, that the methyls
ire ebectron-donating while the chlorides are electron-withdrawing.

Many other examples have been reported by Bancroft and are summarized in a
book (3). This model has also been extensively discussed by M.G. Clark (LT}

Vi, SPIN HAMILTONIAN AND RELAXATION

The principal interactions discussed in Section 111 can be collected and the
imeraction Hamiltonian writhen as



. MOSSBAUER SPECTROSDOPY iy
MHie = Mg + Hap + Hipg, (60)

The magnetic interaction Moy consists of the nuclear Zeeman imeraction (Z), the
orbital term (L), and the magnetic or spin hyperfing interaction (M):

Mosiip = Mz + Mg+ My 61y

The nuclear Zeeman inferaction ocours when there is an externally applied magnenic
field, while the magnetic hyperfine interaction is due 10 internal magnretic fields
produced by the electronic spins. These internal fields produce the Fermi contact and
dipole interactions which have been discussed in Section V1 along with the orbital
ferm in equation &1,

The magnetic hyperfine interaction is analogous o the electric quadrupole
i tion, which is an ¢lectric hyperfine interactson. A magnetic hyperfine tensor

. similar to the electric field gradient tensor of equation 23, can be defined and 2
spin Hamiltonian written as

My=T-24 -5 (62)

where T is ﬂﬂmlﬁnm nuclear spin and T is the effective electronic spin. For many
applications A can be taken to ke diagonal, i.e.,

A, 0 0
f=(u i, l:l-]
0 0 A,

Substituting the above lensor in equation 62 gives
Hy=A 0I5 +A 5 +A. 15, (63)

Following Wickman, Klein, and Shirley (45) the effects of equation 63 on the
Missbauer spectrum for iron are mvestigated below. The effective electronic-spin
case considered is § = 1/2.

For the Masshauer transition in *Fe, I, = 32 and [, = 112 for the excited and
ground states, respectively. The excited state has (21, + 1}(15 + 1} = 8 degenerate
levels while the ground siste has (2, + 1) (28 + 1) = 4 degenerate levels. Ench of
the 2 + 1 muclear spin stabes can occur with an effective electronic spin 5, = =172
With a magnetic field in the z direction only, equation 63 reduces to

Hu=A. 1.5, (64}

Since the degencrate states are not mixed by the Hamilonian of equation 64, the
energics ane simply

Eou={mM | Hy| mM) {65)

whese m and M are the z quanium numbers of the nuclear and ebectron spins,
respectively, Equation 65 implies four energy levels for the excited siate and two for
the ground state. However, each of these levels have two-fold degencracy (see
Fig. 6.26). The dipole selection mule allows for six pairs of transitions, one (see
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Fig. .26 Twolold degenerncy of onergy bevels in *"Fe where the @ compement of the efTective eleciia
spincan have values 5, = 1'_1,. Eeaproduced by permatsion coin Phoa. Rev, (45),

Fig. 6.7) for each of the two electronic spin states, Since the Lorentzian pairs
overlap, the resulting Mossbaver spectrum consists of six line shapes,

Maintaining axial symmetry, but allowing small transverse magnetic Tfebds such
thatd, = A, <= A, the Massbaver spectrum becomes more complicated. Note that
the components of the hyperfine tensor are diffenent for the excited and the ground
states, The spin Hamiltonian equation 63 interms of rising and lwering operators is

My k15, + {'@)u,s- + 183+ {%] (1.5, +1.5) (66)

The last term in equation &6 is zero when A, = A,. However, the second term
removes the degeneracy of the | =1/2, F1/2} states in both the excited and ground
nuclear levels, The splitting is Hlustrated in Fig. 6.27 which also indicates the
second-order nondegenerate perturbation shifts on the adjacent pairs in the excited
nuclews, Two transitions between the split levels are forbidden and the resulting
spectrum consists of 1en line shapes,

For the case A, = A, = A, the axial symmetry is deswroved. The third term in
equation 66 splits the degenerate levels | £1/2, £1/2) in both excited and ground-
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Fig. $.17, Encgy levels and transitions with nelative isbensitics for *Fe (effective clectronic spin case
=) under vations magnetic hyperfine inleractians, Reprodoced by pemiission from Plys. Rev. (451,

state nuclel, Adjacent levels in the excited nuchear state are shified in second order
(see Fig, 6.27). The Misshaner spectrum now has 16 different transition energics.

The above considerstions assume static magnetic fields. However, the internal
fields at the neclear sites are time dependent, The simple case of a random or
randomly Muctuating magnetic field in the : direction is considered below with
particular attention given to rapid fluctuations (fast relaxation} and slow fluctuntions
(slow relaxation}. To determine whether the magnetic ficld is changing rapidly, one
compares the time for the field to change polarity (1) with the period (7:) of the
Larmor precession. A magnetic moment =Tl in a constant magnetic field
H = (0,0,H) rotates about the 7 axis with the Larmor frequency w, = ¥ . The
discussion below is patterned after Blume and Tjon (8).

The line shape for gamma emission is determined by the transition probability (27)
(for an exponential decoy law)

s e ) F
PLED (E,— E;+ E)+ T4 BT

In equation 67 7 and f represent the initial (excited) and final (ground) states
respectively, £, is the gamma energy, I 15 the line width, and M contains the
creation operator for the photon,
The energies of the nuclear states | e } are found from the unperturbed and the
spin Hamilionians
H=Hs+ AJA1/2) (68)

where the effective spin is assumed to be constant (5, = 1f2) for the moment. It is the
effective spin that produces the internal magrethc flekd at the nuecleus, There 15 a finile
probability for the effective spin to flip to 5, = —1/2; such transitions induce the
time-dependent magnetic ficlds. The energics calculated from equation 68 are

E=(lom |H|tm)=E+%m=E +gBHm (69
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A i
'E.I'n{'rlml|H|!rmt}=El‘+ElmI.Et+-£.ﬂHmu (69}
where # is the internal magnetic field, g and g* are Landé factors, and 8 is the Bohr
magneion. The probability for the emission of a photon with energy £, is obtained by
averaging over the four initial states and summing over final states:

s L lLamg 199 1,m )
PtET:l III‘.::'E?__ 'E:-:{S:"r_ Flm;}ﬂHF'F r'!,ll-dn

where E, = E, = E,. If H = (), there is one Lorentian peek m E, = E;
however, equation 70 implies six Lorentzians when H # 0 with peaks
Ey= Ey+ (gm, = g'm,).

The fluctuations of the magnetic feld due o the spin of the electronic spins can be
casily incorporated in the calculations by letting

H—==H (71}

where fTi} randomly takes on valoes of £1,
The gencralization of equation 70 for time dependent Relds is (8,46)

(]

PE)= %.ﬂz[ e E a0 - A0 ) oy o
wherne
Giy = 1ia 3 | {ym, | ) | Lam,) Pt
IWE-IIMP-FIMJIEHLJTI'MI'] (73)

The bar in equation 73 designates averaging. When the magnetic field is constant,
i.e., i) = 1, one finds

Cife) = ”’lE | {f,l'ﬂ,i M+ | l',.m,::l |1E-"-EF'|P'1"I'I:||||IHIL'| (74)

If equation 74 is substituted into equation 72, the real part of the resulting integral
gives equation T0.
Defining & = g 'm, = gm,, the average needed in equation 73 is (1,3}

ﬂulﬂ')! .
x

(15)

where W == 1/r is the probability for the effective spin (o flip and x = (a/W? = 1)L
For slow relaxation 7 == 1 = &. i.e.. W = aand

el o = {mul-l-'i +

P R 1/2(e'= 4 ¢ =in) (76)
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using equation 75. Equation 76 implies two sets of six Lorentzians (s2e Fig, 6,27
there will be six line shapes in the Mosshaver spectrum as pairs overlap,

Eor fast relaxation W == @ and £ = V=1 = {. The right side of equation 75
becomes

{;m:m + "“J‘_m};-" - - W | (mn
using the Euler formula
cosf + sinfdfi = cosfl — isind = ¢ F (TE)
Li T T
H\‘ _._Hm i
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Fig. 6.28. *"Fo Mbsshauer specirn of Femichrome A sl various emperiures, Reprodeced by permisshon
from Phys, Rev (45},
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Equation 73 is then simply
Giy=14Y | {lym, | H* | 1 mg} [e-® (79)
=y

and equation T reduces o

, o | m, | M | Lam, ) T
FH'.,]-—”'I-..' {IE' 2 EJ + T4 Laa

The Mossbauer spectrum consists of one line shape. The fluctuations of the magnetic
field are so rapid that the field at the nouclews averages to zero during times of the order
of the Larmor period. Fig. 6.28 indicates how the six line shapes reduce to one as
temperature ks increased. Increasing tempersture indwces ropid spin fips and there-
fore Fast relaxation. However, due to other factors the resulting single line 15 non-
Lorentzian.

An aliernative approach to relaxation employs the Bloch equations (1,311, A
theoretical spectrum using this approach is given for iron (45,46} in Figure 620,
Once again, the six line shapes collapse to one as relaxation times become short.
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Fig. 6.29, *TFe ioa relaaios specira for Ferrichrome A with varboos relaxation tnes, Reproduced by
|permission from Phyva. Rev. (450
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APPENDIX
Nomenclature and Conventions for Reporting Misshawer Spectroscopic Data

. INTRODUCTION

The guidelines that follow are based considerably on the reports of several groups;
most notably the Massbaver Spectroscopy Task Group of Committee E-4 (Metallog-
raphy) of the American Society for Testing and Materials, the @d hoc Panel on
Méssbauer Data of the Numerical Data Advisory Boand of the Division of Chemistry
and Chemical Technology of the Mational Research Council {USA), and the Commis-
sion on Molecular Structure and Spectroscopy (Physical Chemistry Division) of the
International Union of Pure and Applied Chemistry.

Il. CONVENTIONS FOR THE REPORTING OF MOSSBAUER DATA

A. TEXT
The text should include information about the following:

1. Method of sample mounting, sample thickness control, sample confinement,
and appropriate composition data for alloys, solid solutions, or frozen salution
samples;

2. Absorber form {single crystal, palycrystalline powder, inert matrix if used,
evaporated film, rolled foll, isotopée enrichment, efc. );

3. Apparatus and detector used and comments about assocised electronics (e.g.,
single-channel window, escape-peak measurements, solid-state detector characteris-
tics, esc. ) if appropriate or unusual; data acquisition time if unusaal;

4. Geometry of the experiment (transmission, scattering, in-beam, angular
dependence, e, ); direction and strength of applicd magnetic field if used;

5, Critical absorbers of filvers if used:

6. Method of data reduction {e.g., visual, computer, etc.) and curve-fitting
procedure; (1)

7. lsomer-shift convention used or the isomer shift of a standard (reference)
absorber. Positive velocities are defined as source approaching absorber. Sufficient
dictails concerning the isomer shift slandard should be included to facilitate interlabor-
mory comparison of data;
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. Method of energy calibration (c.g. . calibrated absorber, Michelson inerferom-
eler, Moiré fringes, etc. )k
9. An estimate of systematic and stutistical errors of the quoted parameters.

B. NUMERICAL OR TAEULATED DATA
Information collected and summarized in tabular form should inclade;

1. Chemical state of source matrix and absorber;

2. Temperature of source and absorber and the constancy of these parameters aver
the length of the data acquisition period;

3. Values of the parameters required 1o characterize the features in the Mssbaver
spectmim (given in mm/'s or other appropriate units) with estimated emmors (see below
the section on “ Terminclogy, Symbals, and Units" for parameters used):

4, lsomer shift reference point with respect 1o which the positional parameter is
reparted;

5, Observed line widths defined as the full-width at half-maximaum peak-height o
other appropriate line width (c.g.. line widths calculated by a transmission mtegral
computer fit, line widths of the single Loremzian peaks when the spectrum is the
result of a sum of overlapping Lorentzian peaks, erc);

. Line intensities or (relative) area of each component of the hyperfine interac-
tion spectrum observed, if pertinent.

C. FIGURES ILLUSTRATING SPECTRA

Scientific communications i which Mosshaner effect measurements constitule a
primary or significant source of experimental information should include an illustra-
tion of one spectrom {i.¢,, percent iransmission or absorpiion or counting rafe versus
an appropriate energy parameter) 1o indicate the quality of the data. Such figures
should include the following information;

. A horizontal axis normally scaled in velocity (mmi's; channel number or
analyzer address values should not be used for this purpose ),

2. A wvertical axis normally scaled in terms of the effect magnitwde, (ransmission
per scatiering intensity, counts per channel, or related units; (2)

3. Suwatistical coonting error limits indicafed for at beast one data point; (1)

4, Individual data points (rather than o smosthed curve alone) should be shown.
Compuied fits should be indicated in siech a way that they are clearly distinguished
from the experimental paants.
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II. TERMINOLOGY, SYMBOLS, AND UNITS

I the umits selected by the experimenter are not 51 units, they should be defined in the text,

Suggesied decimal
mubtiphe of submulriple
&1 Units fowr [he finitice and

MWame Symbol 5l Unit  Mbssbaper duia commanis

Fsswct Shill & mfi mmfs{= 10" mkh Magare of the energy
difference berween
the source £ ;) and
the absorher (£,
tramition. The
measured Doppler velocity
shift, &, i relabed
i the emergy difference
by Eg,— E, = Epnie
(whene £, i e
Miadhaucr gamina cnergy
and « is the ipeed of
Bkt in 4 vecuum), #4

M lear i gyromagnelic ratio ¥ iyt ﬂ'::ulm:u' m-.ll is
proporticsalicy
Ctrklan between the
nuclear moment and the
angale momenum.
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HName

Suggesicd decimal

mukiple of submultiple

51 Units fox Diefinition and
Symbed SIUnit  Mosshauer data comments

Magnetic flus denasty

Magnetic hyperfine splitting

Componears of the

d N

Huclear guadnapole momeni
{spectroscopic)

F T bagmetic Thox densicy

al b s beus. (Trom
g perames) in thade
cascd i which the
magsati: hyperfine
interaction can be
deserihed by mn eflective
Tecld, I by cones
the: EEnsor compoaenis
of the magnetic hyperfing
interaction should be
reporied if possibie.

¥ A ) T [ T The energy difference
hetween tuwo adjscem
leveds thas e tho
resulis of the injoraction
dipole momenl and e
meagnetic Muy dessiry, ™

Ay, J mmis=10-Tmk} “ﬁmﬁmm
(101

i 10 b described by _;

the Hamitionian T+ A

off Cm? A paramener tha
describes the effective
shape of the equivalent

Em
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Elecirie Nield gradient (EFGH
s

Princigal comgponent of EFG

Quadrupale coupling consoant

=

]

¥im?

Vim?

MHz( = 10°FHz)

mmis = 10~ ms)

e 10~ Y )

ellipsoid of nuclear
charge diztribution
== for a prolate (e.g.,
The. ™Au) and 0 <
fior an oblate (2.,
11955, 19975 nuchoms.

A seoond-rank ooy
detcribiag e clecinic
fiedd gradiear gpecified
by wand V.50

Wit = o (e b the
s chisrge, ¥o.n
the largest componenl
of the disgosalized EFG.
Product of ¥ _{k and

ihe nuclear quadrapale
momend, . 19

- (W = Vll¥.

Full withh gt Balf
mvamisvam of the
plszrved resonance
lingis), 12

Theswetical valuc af
1 [l width at halll
maximum, usnally
calculsied from lifetime
dens.
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Symbal

31 Llnit

Suggesied decimal
multige of ssbmuliiple
51 Usits For
Meosshaser daca

Fsonmnce effect magninsds

Recodl-free fraction

Mosnbmear thickmecs

Vibrational anssctiopy

Ip

L]

The fraction of all
gamma rays of the
Mdssbauer trassition
which are esnimed {,F
of absorhed (7 ) without
recail energy Joss. ™
The elfeetive thickness
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optical pat, 111
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axis theough the Ménshauer
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FOOTNOTES

61 [f dats are smalyzed by compeer, 3 brief description of the program should be given o bdeniify the
algeaithen eued The susnber of comtraints should be specified (2.g.. equal line widths or issensiticy,
eic, | and o measure of the goodnesa of it should be indicated.

If measurements of very biph accurscy are peporied and the discuasion of the reality of small effects
an irmporiani part of the work, then the Sallowing items should bo soclalod:

&, the functional form asd all parametens used in fineg (Le., the constraints should be chearly

seated

b. the treatment of the background (e, .. asiumed eaergy independeni, expermentally sebiracicd,

LA R

. the mlative weightiag of absclsss and ondinaie {e.g. . equal weightingl

d. ameasure of the searmtical redisbaling;

¢. B numberal replicationn and the agreceent beiween thess iF applicatile;

f, ansstimate of sysiemali; errors @ primary resulis.

2 by has become customery io display daty abtained in transmisdion geometry with the resonunce
maximus —dows" aad scamering dais with the resomance maximum “up.” In either case, suffeckent dats
ilscuzld] e whown Tar enough from the resonance peaks 1ooestabdish the nonncorant hais |ise

39 in most inscances (where the data are uncomectied counting peusing, the siandard devistion {i.e.,
the siquane Foot of the secomd mosnent of the distribulion) is given by = A9, where ¥ b the somber of
counis scabed per velocity point. For commeeted data (i.e. , when hackgrousd or other nonresonant ¢ffects
are subtracied from the e data), the progagated error should ke compated by nomal satibticall methods
which ane briefly described in the figere legend, Fidoekal marks hracketing the data points to show the
magnitude of the standand devigion s aften ssed in (adicating the spread of the data.

1 The conteral a Misshauer spectram ks defimed as ibe Doppler velocity st wikich the resonan:e
maximum is {or woald be) cbacrved whes all magretic dipole, electic quadnpols, clo. hy porlisg
imeractions are (or would be) abasar, The coseribution of the second-order Doppler chift thoakd be indi-
cated, i poasible, The isomer shift & the sum of dis term and the chema:al isomer shift

3} The 5§ usit of energy for mBomer shift. guadnepole-coapling constanl. gaadrupole spliming, and
ling widith i ghe Joule, The messeed quantigy i the velocsty (mivh which can be converied o the deiired
ERETEY unini,

1 The moclear gyromagretic ratic can be axpressed in torms of the nucleas p factor (Land factor) as
5 = iy where piy is calied ihe nuclear magneton and is defised & puy = ob[2me (o, b the mas of
the proion). Another quantity thal is o fies used & the nuclear magaeiic moment (g} which bs related 10y
emd g by o= yhd = gyt The usual wnit for pis jay, .6, puclear magneions. Mote thai the wnits of
b are JT=L

T I the cave of an isoropic inlcraction the symbed "s" eed fle, a = A, = A, = 4D

T The sum V,, + Vo + V. = Oregardless of the choice of axes. In the abssmoe of magnetic hypes-
fine imseraction, jriscipal sues s chosen 5o i the off-disgonal matrix elements vamish,

Vy= Dij = xzii v f) andare defined suchtha | Vo | & |V, | & | ¥y | sothu0 s g s L
= =@V, where 5,0 = Ly oF .

1 This parameier s caloulaied from the relationabip fp = [M(e) = NODLNGR), where W) is e
cosmnting {or iresarmission or seatienng intemaityh ol the pesanencs maximum, ssd M=) is e cofrespond-
ing raiz at a velocily ab which the resosance effeet b negligible, If corvectbon: for noaresonest gamena- or
X-ruys, or oher Buse ling cofpecbons kave been made is evaluating I, these should be listed.

(0 The pecoll-free fraction can be related to the expectation value of the mean squans displacement
off the: Miissbaner atcen by the relutionship = exp{=E* 2% }) where & i the wave rembes of the
Misshaner gamsma ray and 1 is the displacement taken along the optical mis.

(0¥ The ¢ parameier i@ usually calieulmed from the relatioeakipr = & - o« 4, [8 which A & dhe
number of Mi&sshauer clement aloms per uRik area in the optical path, oy ks the cross section for recoilless
scattering. I is vhe fractional sbundsnce of the Mdnsbauer tranairion setlve uclides, and s ihe recoll-
free Eraction {wide suprok.
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L] This parameser is ususlly caloalsred hﬂhtﬁmﬂuﬁ?
= (eI REL R + N+ 7K+ ap) T WaIW L,

where E is the trmnsition energy; W, I the absorcher ling width; {, and ! ; are ihe exciied and gousd-
stale spins, respeciively, and ap |s the wial internal coavension coclficient of the Mbssbaver fransition.

REFERENCES

Abmagem, A The Theery of Mucleaor Magnerism, Onford Uskversicg, Losdion (1961)

Asch, L., and G. M. Kalvius, *Calculated Sample Thicknesses for Ahsorbers,” in 1. G, Ssevens,
Eid., = Miesbaver Speciroscopy.” in J. W, Robinson, Ed., CRC Mandbook of Specvrorcopy, Wlame
2, CRC Preds, Boca Rama, Florida, 1981, pp. 404 - 416

Baacralt, G. b, Mésshauer Spectroscopy, As fnmoduction for baosganrs Chesslon and Geocken-
iges, MeGraw Hill, New Yock {1973,

Bancroft, G, M., M. J, Mays, and B. E. Prater, J. Chess. Soc. (A}, 956 {19700

Hancyodt, G, M., “Point Chasge Mode] Tables,” in §, @, Stovens, Ed,, “Msshauer Spectroscopy, ™
in ], W, Rohinsen, Bd., CRC Haowdbood of Spectreoopry, Yolame 3. CRC Press. Boca Ratom,
Florida, 1931, pp. 480-490,

Benczer-Koller, W.. and B, H, Herber, “Experimental Methads,” in V. | Gol'damkii and B. H.
Herber, Bds., Chemicsl Applications of Modidaurr Sprermacopy, Academic, New Wk, [96E,
pp- 104- 138,

Berreit, R. K., snd B, W, Fitzskmenons, . Chewm, Soc, (A), 525 (1967

Blume, b1, and . A& Tjon, Phys. Rev., 165, 446 {1968),

Bascar, 1. P, W. Kuondig, H. Bommel, snd B 5. Hargrove, Nuc!, fnsre. Merkods, 75, 165 (1969,
Bowen, L. H., “'¥5h Mdsshaver Spectroscopy,” in J. G. Stevess and ¥ E. Stevers, Eds,,
MSrehawer Effect Dang fndey = (972, PMlenum, 1973, pp. 71 = 100

Clark, M. G.. “Hyperfire Interactions and Molecelsr Stneciuee,” in A, D, Buckinghsm, Ed.,
Midecular Siruciwre mad Properiier, Befiorworths, Londoa, 1975, pp. 239 =007

Cobcn, . L., and . K. Weitheim, “Experimental Yethods in Mésshaver Spectroscopy,” i B, V.
Codersan, Bd.. Merhods of Experimental Physice. 1, Academic, New York, 1974, pp. 307= 389,
Coagrove, ). 0., and B. L. Colliss, Macd, fmnir. Merkods 98 360 {1971}

D Wansd, H., Rev. Soi. fmstr, 36, IT2E (1965).

Fischer, H., end U1, Gonser, " Relstive Line Imessities of Magsetic Hy perfime Interactions.” in 1. G.
Stevens, Bd,, " Mliashaser Spectrmcepy,” in ], W, Robinson, Bd., CRC Handbook of Spectrercopy,
Holume 3, CRC Press, Beea Rston, Flords, 198, pp. 451 -465,

Greemwond, N. M., ssd T. €. Gibb, Mitnbawer Sprcfrosrapy, Chapman and Hall, Losdos (1971).
Guitlich, P. * Mésshaver Speciroscopy im Chemlsing, ™ in U, Gonser, Bd,, Mdzshaurr Spectriscopsy,
Springer-Verfag. Mew York, 1973, pp. 5194,

Herber, R, H,, Inorg. Chem,, 3, MK (1964,

Kalndl, G, K. Leary, and N, Banlen, J, Cheer, Phyr, , 59 5050 {1973)

Kaindl, G., W, Pouel, P Wagner, U1, Zahn, snd R, L. Mosshaser, £, Pies, . 226, 103 {1969)
Kalvius, G. M., *Mécdhaner Spectroscopy im the Actinides, ™ s Mdssdsaner Speerroacopy asd i
Applications, Imemational Atomic Energy Agency, F972, pp. 169 = 196,

Kalviug, 0. M.. s=d E. Eankclent, "Recont Improvements in Instrumeniation and Methods of
Mirahsser Spectioocopy,” in Merchawer Spectrorcopy and s Applicationr . International Asomic
Energy Agency, Vienns, [972, pp. 9-53,

Kitner, O, T, snd &, W, Susyar, Phya, Bev, Lo, 4, 412 (1960).

Leex, 1. B, Ph.[). Thesis. Carnegie Inatitute of Tachaodogy {1566



47,

I MAGNETIC FIELD AND RELATED METHODS OF AMALY SIS

Lindgvasi, 1., and Adggli. J. Inorg, Nucl. Chem, 2, 345 {1956],

Margules, 5., and §, R. Eheman, Nucl. fnsir. Mechods, 12, 13 (19610,

Merzbacher, E., Quaswm Mechanics, John Wiley, New York (1961,

Mifissbauer, . L., Z. P, 151, 124{1958),

HNerwil, 1., and E. B. Bauminger, “ 7™ h Misskaner Spectroacopy,” in J. G. Stevens snd V. G.
Stevens, Bd., Missbauer Effect Data Iadex — 1975, Plesuns, 1976, pp. 307 =242,

Pasiernak, M., A Simogoudos, and ¥, Hazony, Phya, Bev,, 140A, ERD2{1965).

Pople, . A, W. O. Schaeider, and H. J, Bernstzin, Migh. Resolurion Nuclear Magnetic Revonance .
MicTraw Hill, Mow York (1959).

Ruby, 5. L., 0. M. Kalvius, G, B. Beard, and K. E. Snyder, Phys. Rev., 159, 139 (1967)
Skenoy, 0. K., and B, D, Dunlap, Mucd, fanr, Mech., 71, 285 (1969).

Shenoy, 0. K.. ind B, D, Dunlep, =Conatanis in [omer Shift Exypression,” in 0. K. Shesoy, aad
F. E. Wagner, Eds,, Machewr fsomer Shifr, Morth-Holland, Mew York. 1978, pp. 88%-B04.

Shenoy, G. K., and F & Wagner, Missbauer Jeoeser Shifls, Norh-Hollasd, New York, W73,
Shirley, D, A., Rev, Aod. Phys., 3, 339 (1964),

Simdnik, . M., Magheser Effect Bef. Dare J., 1. 217 (HTER

Stevens, J, G, and B. 1. Bustap, J. Phys. Chem, Bef. Bato, 5. 1093 (19746,

Snewens, 1. G, J. M. Troosier, mad H. A. Meinema, fnovg, Chem, . 20, BOJ (1981},

Sievens, ). (., and G. K. Shenoy, Eds., Mrshawer Spectroacopy awd It Chemiesl Applicarions,
American Chemmical Soclety. Waskingbon, 1981

Troosier, 1. M., and M. P A Viegors, Mamdawer Effecr Ref, Data £, 1, 153 |STE).

Wan dex Woude, F, and 0. A, Sawarxky, Phya. Rap., 12, 333 (1574).

Visie, A., and H. B. Gray, feerg. Cheme, 3, 1113 (10064),

Walker, L. E_, 0. K. Wertheim s V. Jaccaring, Phyve, Bev. Lear, 8, 08 (F61).

Watson, B, E., and & J, Feeeman, Phvi. Rev., 123, 2077 (1961).

Wickman, H. H., M. P Kiein, ssd 1. A_ Shirley, Phys. Rev., 152, 345 (1966).

Wickman, H. H., ssd G. K. Wertheim, “Spin Relaxation in Sofids and Afiereffects of Nuclear

Traraformations,” in V. 1. Gel'danskil end R. H. Herber, Bds., Chesdoal Applicarieas of
Misshouer Speciroscopy, Acsdemic, Mew ¥ork, 14, pp. 3&8-621,

Wolfsherg. M. and L. Helmhbolee, J. Chess, Pliys., 20, 37 (1952).



