2 Principles of Méssbauer Spectroscopy
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Before delving into the details of the subject, it is worthwhile con-
sidering the historical perspective of what has come to be consider-
ed as a discovery of prime importance.

Atomic resonant fluorescence was predicted and discovered just
after the turn of the century, and within a few years the under-
lying theory had been developed. From a simplified viewpoint, an
atom 1in an excited electronic state can decay to its ground state
by the emission of a photon to carry off the excess energy. This
photon can then be absorbed by a second atom of the same kind
by electronic excitation. Subsequent de-excitation re-emits the
photon, but not necessarily in the initial direction so that scat-
tering or resonant fluorescence occurs. Thus if the monochromatic
yellow light from a sodium lamp is collimated and passed through
a glass vessel containing sodium vapour, one would expect to see a
vellow glow as the incident beam is scattered by resonant fluore-
scence.

A close parallel can be drawn between atomic and nuclear reso-
nant absorption. The primary decay of the majority of radioactive
nuclides produces a daughter nucleus which is in a highly excited
state. The latter then de-excites by emitting a series of y-ray pho-
tons until by one or more routes, depending on the complexity
of the y~cascade, it reaches a stable ground state. This is clearly
analogous to electronic de-excitation, the main difference being in
the much higher energies involved in nuclear transitions. It was
recognized in the 1920’s that it should be possible to use the y-ray
emitted during a transition to a nuclear ground-state to excite a
second stable nucleus of the same isotope, thus giving rise to nuc-
lear resonant absorption and fluorescence.

The first experiments to detect these resonant processes by
Kuhn in 1929 [2] were a failure, although it was already recog-
nized that the nuclear recoil and Doppler broadening effects (to
be discussed shortly) were probably responsible. Continuing
attempts to observe nuclear resonant absorption [3] were inspired
by the realization that the emitted y-rays should be an unusually
good source of monochromatic radiation. This can easily be
shown from the Heisenberg uncertainty principle. The ground
state of the nucleus has an infinite lifetime and therefore there is
no uncertainty in its energy. The uncertainty in the lifetime of
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the excited state is given by its mean life 7, and the uncertainty
in its energy is given by the width of the statistical energy distri-
bution at half-height . They are related by

I'r=zh Cl1.%)

where h (=2x0) is Planck’s constant. 7isrelated to the more fami-
liar half-life of the state by 7 =In 2 x #,p. If I' is given in electron-
volts (1 eV =1.60219 x 10-19J and is equivalent to 96.49 k]
mol—!) and #,p in seconds, then

I'=4.562 x 10-%/t;, (1.2)

For a typical nuclear excited-state half-life of 1;p = 10~7s, "=
4.562 x 109 eV. If the energy of the excited state is 45.62 keV,
the emitted y-ray will have an intrinsic resolution of 1 part in 1013,
It should be borne in mind that the maximum resolution obtained
in atomic line spectra is only about 1 in 108,

The nucleus is normally considered to be independent of the
chemical state of the atom because of the great disparity between
nuclear and chemical energies. However, the y-ray energy is so
sharply defined that I" is smaller in magnitude than some of the
interactions of the nucleus with its chemical environment. The
typical magnitudes of some of the energies involved are indicated in
Table 1.1. -

Unfortunately there are several mechanisms which can degrade
the energy of the emitted y-ray, particularly the effects of the
nuclear recoil and thermal energy [3]. Consider an isolated
nucleus of mass M with an excited state level at an energv E and
moving with a velocity I along the direction in which the y-ray
is to be emitted (the components of motion perpendicular to this
direction remain unaffected by the decay and may be ignored).
The energy above the ground state af rest is (E +3M 12). When a
v-ray of energy E. is emitted, the nucleus recoils and has a new
velocity 7 + v (which is a vector sum in that ¥ and v may be
opposed) and a total energy of -M(V + v)2. By conservation of
energy

E+IMV2=E, +IM(V +v)? (1.3)
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I'=4.562 x 10~1/t,p, (1.2)

For a typical nuclear excited-state half-life of 15 = 10-7s, I =
4.562 x 10-9 eV. If the energy of the excited state is 45.62 keV,
the emitted y-ray will have an intrinsic resolution of 1 part in 1013,
It should be borne in mind that the maximum resolufion obtained
In atomic line spectra is only about 1 in 108,

The nucleus is normally considered to be independent of the
chemical state of the atom because of the great disparity between
nuclear and chemical energies. However, the y-ray energy is so
sharply defined that I' is smaller in magnitude than some of the
interactions of the nucleus with its chemical environment. The
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Unfortunately there are several mechanisms which can degrade
the energy of the emitted y-ray, particularly the effects of the
nuclear recoil and thermal energy [3]. Consider an isolated
nucleus of mass M with an excited state level at an energy E and
moving with a velocity V along the direction in which the y-ray
is to be emitted (the components of motion perpendicular to this
direction remain unaffected by the decay and may be ignored).
The energy above the ground state af rest is (E +1MV?2). When a
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velocity V' + v (which is a vector sum in that ¥ and v may be
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ia‘ble 1.1 Typical energies of nuclear and chemical interactions

Mossbauer y-12y energies (E4) ) lOﬁ—lO; k] mol:i
Chemical bonds and lattice energies 10--10 k] mol_l
ElectroniC transitions 5?-—%00 k] mo]_l
Molecular vibrations 5-50 kJ mol :
Lattice vibrations _ 0.5‘)—5 k] l'l'lol_l
Nuclear recoil and Doppler energies (Er, ED) 10-5=1 k] mol™
Nuclear quadrupole coupling constants <l kJ mol~1
Nuclear Zeeman splittings <10-3 kJ mol~!
Heisenberg Enewidths (I") 10-7-10~%  kJ mol™!

1 eV =1.60219 x 1019 J and is equivalent to 96.49 k] mol ™"

so that the actual energy of the photon emitted is given by
E, =E—iMyv2—MyV
=E—-Egr—Ep : (1.4)

The y-ray is thus deficient in energy by a recoil Kinetic energy
(Er =1M»2) which is independent of the initial velocity ¥, and by
a thermal or Doppler energy (Ep = M V) which depends on V and
can therefore be positive or negative.

Momentum must also be conserved in the emission process. The
momentum of the photon is £, /c where c is the velocity of light,
so that

MV =MV +v)+E,/c (1.5)
and the recoil momentum is Mv = —E_ /c. Hence the recoil energy
is given by

EZ

Ex= u

M2 - (1.6)

and depends on the mass of the nucleus and the energy of the -
ray. However, the Doppler energy Ep is dependent on the thermal
motion of the nucleus, and will therefore have a distribution of
values which is temperature dependent. A mean value, Ep, can be
defined which is related to the mean kinetic energy per translation-
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al degree of freedom, Ey = 1kT, by

s - 2E,

Ep=2V(ExER) = E.,/M_“ (1.7)

" where k is Boltzmann’s constant and T is tizabsolute temperature.

As a result, the statistical distribution inzergy of the emitted
v-1ays is displaced from the true excifed-staz energy by —Eg and
broadened by Ep into a Gaussian distributinof width 2Ep. The
distribution for absorption has the same shge but is displaced by
+Ez. This is illustrated schematically in Figl.1, and the order of
magnitude of Eg and Ep is indicated in Tatiz]1.1. Nuclear reso-
nant absorption (which in practice can onlite observed following
anemission) will only have a significant preubility if the emission
and absorption energy distributions overlarsrongly. The recoil
and thermal broadening clearly prevent this It is possible to com-
pensate partially for Eg by moving the emitr towards the observ-
erat a very large (supersonic) velocity, or mncrease the Doppler
broadening by raising the temperature. Boiresultin only a
merginal increase in the resonant overlap. frthermore, the intrin-
sicresolution in the energy of the photon iz been degraded to
about 1in107. aftes 4§ in\Q° PP

It should be noted that these equations &= not peculiar to nuc-
lear processes and apply equally well to ateic absorption. How-
ever, in the latter case the low energy of theransition results in
the recoil energy being significantly less tha the thermal broaden-
ing. Consequently the overlap for absorptir is large and the
efiects of recoil may be ignored.

12 The Mossbauer effect

The Mossbauer effect is unique in that it pavides a means of eli-
minating the destructive effects of the recdiand thermal energies.
The key to the problem lies in the behaviorof the recoiling nuc-
Jess when it is no longer isolated (as is impidt in the preceeding
discussion), but instead is fixed in a crystalittice. As can bé seen
from Table 1.1, the recoil energy is;much lss than the chemical
binding energy, but is similar in magnitudem- the lattice-vibration
phonon energies. If the recoil energy is trasferred directly to
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Fig. 1.1 The statistical distribution in the y-ray energy for (a) emission,
(b} absorption, and (¢) the resonant overlap for suecessive emission and ab
sorption.

vibrational energy, then the y-ray energy is still degraded. How- .
ever, the phonon energies are quantized, and the recoil energy can
only be transferred to the lattice if it corresponds closely to an
allowed gquantum jump. -

The simplest mathematical treatment is one in which the vibra-
tional characteristics correspond to an Einstein solid with one vi-
brational frequency, w. Transfer of energy to the lattice can only
take place in integral multiples of Aiw (0, +Aw, *2%iw, . . ). If the
recoil energy Eg is less than 7iw, then either zero or one unit (iw)
of vibrational energy may be transferred to the lattice. It has been
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shown by Lipkin [4] that when many emission processes are con-
sidered, the average energy transferred per event must exa ctly
equal Er. If a fraction, £, of emission events result in no transfer
of energy to the lattice (zero-phonon transitions), and a fraction
(1 — /) transfer one phonon of energy 7w, then

Ex=(1 — e
or
£=1 - Eg/hw) | (1.8)

In a zero-phonon emission, the whole crystal rather than a
single nucleus recoils. Equations (1.6) and (1.7) for Eg and Ep
contain the reciprocal mass, 1/M. If the mass M is increased to
that of a crystallite containing perhaps 1015 atoms, then both the
recoil energy and the Doppler broadening become very small and
much less than I Hence zero-phonon transitions are referred to
as recoilless. In any real solid there will be a wide range of lattice
frequencies, but fortunately it is very difficult to excite the low
frequencies and there is still a significant fraction of nuclear events
in which the y-ray energy is not degraded. . '

To summarize, the Mossbauer effect is the resonant emission or
absorption of y-rays in g solid matrix without degradation by
recoil or thermal broadening, and it gives an energy distribution
dictated by the Heisenberg uncertainty principle.

-The parameter f is known as the recoilless or recoil-free frac-
tion, and to increase the relative strength of the recoilless resonant
process it is important that f be as large as possible. On a more
quantitative theory [5, 6] it is possible to relate f to the v;bratxon—
al properties of the crystal lattice by

(1.9)

E2 2
e (_ “Hx ))

(hic)?

where (x2) is the mean-square vibrational amplitude of the nucleus
in the direction of the y-ray. From the form of the exponent, f

will only be large for a tightly bound atom with a small mean-square
displacement, and for a small value of the y-ray energy, £z For
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§ of the lattice. In any real solid these are usually complex and ade-
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the latter reason the highest energy for whlch a Mossbauer reson-

ance is known is 187 keV in 1900s. oot | |
The precise form of (x2) depends on the vibrational properties

quate models are not available. However, it Is instructive to con-
sider the behaviour predicted [6] by the Debye model, which em-
bodies a continuum of vibrational frequencies in the harmonic
osbi]lator approximation following the distribution N(w) = con-
stant X w2, up to a maximum value of wp. A characteristic tem-
perature 6p is defined by 7iwp = kfp and is known as the Debye
temperature. The final expression obtained is

6Eg [1 [ T)\? /T xdx
f=exp{ il f =
{ R&‘D 4 fp 0 € -1

From the form of the equation it can be seen that f is large when
6p 1s large (a strong lattice) and when the temperature 7 is small. -
This decrease in f with rise in temperature follows in general from
equation (1.9), in that thermal energy will increase the amplitude
of vibration of the nucleus, but the precise form of the tempera-
ture dependence can only be predicted using a model for the lat-
tice vibrations. This problem is discussed in more detail in
Chapter 6. 3

It should be noted that although the recoilless fraction can be
increased by lowering the temperature there is a limiting value at
absolute zero which is still less than unity. For instance, from
equation (1.10} when 7= 0

3E
fregms - 22

2kép
which still depends on £y and ép.
In summary, recoilless emission or absorption is optimized for
a low-energy y-ray with the nucleus strongly bound in a crystal
lattice at low temperature.

(1.10)

(1.11)

Ly
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1.3 The Méssbauer spectrum

Having determined the conditions under which recoilless resonant
absorption can occur, it is possible to devise 2 simple experiment
to demonstrate the effect. A solid matrix containing the excited
nuclei of a suitable isotope is used as the source of yrays. Itis
placed alongside a second matrix of identical material containing
the same isotope in its ground state, which becomes the absorber.
The intensity of the y-radiation transmitted through the absorber
1s measured as a function of temperature. If there is no resonant
absorption, the counting rate is independent of temperature. If
resonant absorption occurs, then there should be a decrease in the
transmission as the temperature is lowered, and the recoilless frac-
tion increases. The resonantly absorbed y-rays are effectively lost
from the transmitted beam of radiation. Some are reemitted in

a random direction (i.e. resonant fluorescence), while others are
lost by an internal conversion process during decay of the excited
level (see p.11).

Although this was the experiment first used by R. L. Mossbauer,
itis not particular]y useful. The method which he also pioneered ?""
and has now been'ddopted cxcfﬁrely is far more subtle. The '’ 5 e I
definition of the energy of the yray emitted by the sourceina = ew.»
recoilless Mossbauer event is about 1 in 1012103, and corresponds
conveniently to the Doppler energy shifts produced by small move-
ments. If the source and absorber are in relative motion with a
velocity ¢, then the effective value ofE ‘seen’ by the absorber
differs from the true energy by a small Doppler shift energy of
e = (v/c)E,. In the event that v is zero, the emission and absorp-
tion proﬁiﬂs completely overlap and the absorption is at a maxi-
mum. Any increase or decrease in v can only decrease the overlap.

If v is very large (of either sign) there will be no overlap and no
absorption. It therefore follows that a record of transmission as a
function of the velocity v will show an ‘absorption spectrum’. ‘é_: J"‘f
This is illustrated schematically in Fig.1.2. By convention a posi-

tive velocity is taken to be a closing velocity as this represents an
increase in the apparent energy of the photon arriving at the

absorber.

The lineshape of the absorption is derived simply from the
He1senb—emrTEértamty in the energy. The distribution of the
recoilless source radiation is given by
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Fig. 1.2 A schematic representation of a Mossbauer transmission spectrum
produced by Do ppler scanning.
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where N(E) is the probability of the energy being between £ and
E + dE, f is the recoilless fraction of the source and I'"is the Heisen-
berg width. This function which is usually referred to as the
Lorentzian distribution has a maximum value at E = E,. The cross-
section for resonant absorption, o(E), is similarly expressed [6, 71
as

(r/2)?
CE-EX+@)?

g(EV=¢ (1.13)

where o is a nuclear constant called the absorption cross-section
given by

s s |

14
e+l Jta -2

og = 2n(hc/E.)?

B T R e

52
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where [, and I, are the nuclear spin quantum numbers of the excit-
ed and ground states and e is the internal conversion coefficient
of the y-ray [Note: -L—E:_)niission does not always lead to an observ-
able y-ray. In a proportion of events an atomic s-electron is gject-
ed instead in a process known as internal conversion. « is defined
as the ratio of the number of conversion electrons to the number
of yray photons emitted, Values for ¢gare often quoted in units
5T Barms (1 barn = 10-24 cm? = 10-2 m2)]. For o to be large,
both E, and & should be small. S

In any real absorber of finite thickness the resonant absorption

5\, isin direct competition with other non-resonant processes such as

Compton scattering. A general evaluation of the integrated absorp-
tion intensity or ‘transmission integral’ is extremely difficult, but
to a first approximation the basic behaviour is comparatively
simple [8]. The recorded absorption spectrum for infinitely thin
sources and absorbers has a Lorentzian distribution with a width

at half-height of I'; = 2I. For an absorber of finite thickness con-
taining ¢, resonant atoms per unit area of cross-section and with a
recoilless fraction of f,, an ‘effective thickness’ is usually defined
by the dimensionless parameter T, = f,60t,- The absorption shape
approximates very closely to Lorentzian but with a broadened
width I'; given by

rjr=2+0.27T, (1=1:5)
provided that T, < 5;i.e. the line broadens with an initially linear
dependence on thickness. Self-resonance in the source matrix
results in an additional line broadening which is approximately
independent of absorber thickness.

The probability that any given photon will be resonantly absorb-
ed can be enhanced by increasing the thickness 7,. However, the
intensity of the incident y-ray beam is also strongly attenuated by
conventional non-resonant absorption processes, and this places
an upper limit on the value of 7, which can be used effectively.
The absorption may be defined in terms of the transmitted inten-
sity at the resonant maximum (Io) and the transmitted intensity
at a large Doppler velocity where the absorption is zero (/) by

A= — I (1.16)
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It has_beén evaluated [8] to be -
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where f is the recoilless fraction of the source and Jo(x) is a zero-
order Bessel function. The value of 4/f as a function of T, is plot-
ted in Fig.1.3, and illustrates how the absorption shows a satura-
tion behaviour with increasing thickness. The effects of non-
resonant attenuaticn combined with more practical problems con-
cerning background radiation levels make it advisable to use the
smallest value of T, which gives an adequate absorption. In prac-
tice there is usually an optimum range of absorber thickness for
each isotope which is quickly derived from experience,

One of the unfortunate problems which arises is that it is dif-
ficult to determine absolute values for the recoilless fractions f
difficult experimentation. However, in the majority of applica-
tions accurate values for these parameters are not required.

and f; directly from the absorption intensity without tedious and /D 8 3.
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Fig. 1.3 The function HIFE — C—T;’ZJD(;'T;Q) chowing how the absorption,
A, shows 2 saturation behaviour with increasing thickness, T,
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1.4 The Mossbauer spectrometer

The Massbauer spectrum is a record of the transmission of reso-
nant y-rays through an absorber as a function of the Doppler velo-
city with respect to the source. It is therefore quite simply a
record of transmission as a function of the energy of the incident
radiation. The major difference from other forms of transmission
spectroscopy is that the hazard to health in using high-energy radia-
tion, combined with the high cost of producing the radioisotopes,
necessitates the use of relatively low photon flux-densities. In con-
sequence, much longer counting times are required to achieve a
given resolution (hours rather than minutes). The statistics of the
random counting predicts that the standard deviation in N register-
ed events is v/N: thus the standard deviation in 10 000 counts is
1% and in 1 000 000 counts is 0.1% of the total count. A.prospec-
tive gain in resolution must be balanced against the longer experi-
mental time involved, which brings with it the problem of long-
term reproducibility in the measuring equipment. To double the
resolution requires four times the counting time, and makes it
imperative to obtain as large a percentage absorption as possible.

" The measurement of a Méssbauer spectrum is almost exclusively

carried out by repetitively scanning the whole velocity range re-
quired, thereby accumulating the whole spectrum simultaneously,
and allowing continuous monitoring of the resolution. This can
be achieved electromechanically, and a typical modern Méssbauer
spectrometer is illustrated schematically in Fig.1.4. The following
description is a brief outline of the major principles involved. For
a more detailed account of instrumentation and experimental
methods the reader is referred to a recent review by Kalvius and
Kankeleit [9].

The major component is a device known as a multichannel
analyser which can store an accumulated total of y-counts, using
binary memory storage like a computer, in onz of several hundred
individual registers known as channels. Each channel is held open
in turn for a short time interval of fixed length, which is derived
from a very stable constant-frequency clock device. Any y-counts

- registered by the detection system during that time interval are

added to the accumulated total already stored in the channel. The
sequential accessing of the channels is completed in about 1/20
of a second, and is repeated ad infinitum.
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Fig. m4 A schematic arrangement for a Mossbauer spectrometer.

The timing pulses from the clock may also be used to synchro-
nize a voltage waveform, which is used as a command signal to the
servo-amplifier controlling an electromechanical vibrator. The
latter moves the source relative to the absorber. A waveform, with
a voltage increasing linearly with time, imparts a motion with a ﬂs,
constant acceleration in which the drive shaft and the source
spend equal time intervals at each velocity increment. The multi-
channel analyser and the drive are synchronized so that the velo-
city changes linearly from —v to +v with increasing channel num-
ber. In this way the source is always moving at the same velocity
when a given channel is open. '

The y-ray detection system is conventional. A scintillation
counter, gas proportional counter, or lithium-drifted germanium
detector may be used according to circumstances [10]. The puises
from the detector are amplified, passed through a discriminator
which rejects most of the non-resonant background radiation, and
finally are fed to the open channel address.

The geometric arrangement of the source, absorber and detec-

/.
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tor is important. A y-ray smitted along the axis of motion of the

source has a Doppler shift relative to the absorber of £,v/c, but

any vy-ray which travels to the detector along a path at an angle ¢

to this axis has an effective Doppler shift of only E,vcosé/c. This

‘cosine-effect’ of solid-angle will therefore cause a spread in the

apparent Doppler energy of the v-rays and hence line broadem’n% , d

[11]. The effect can be reduced by maintaining an adequate rry"' S

separation between the source and detector, or by coﬂimatio&- AT O
The velocity range required to completely encompass the absorp- 3/;' /\f;

tion is usually less than =10 mm s—1 » SO that the overall displace- \1‘) v’_}f‘

ment of the source during a scan is barelz discernible. Absolute e d ;

calibration of the drive is not easy, but can be achieved by mount-

ing a diffraction grating or mirror on the shaft as part of an inter-

ferometer. For most purposes it is more convenient to rely on an

internal standard. As will be seen in the next chapter, it is possible

for an absorber to show more than one resolved absorption line.

If such a materal is chemically reproducible and stable, and the

lines are measured on an instrument with absolute calibration, it

can then be used in other laboratories to establish the velocity

amplitude and linearity of uncalibrated instruments. For example,

it is common practice to use a magnetic e-iron foil which has six

lines as a calibrant for S7Fe work, and to quote all measurements

of velocity relative to the centroid of this reference spectrum.
Very few Mossbauer resonances are easy to record at rcom tem-

perature, the main exceptions being S7Fe and 119 Sn, and in many

instances it is necessary to cool at least the absorber, and some-

times the source as well, to increase the recoilless fractions.

Because the source is moving, this is not without its difficulties.

There is also the possibility that some of the hyperfine interactions

(to be described in Chapter 2) are temperature dependent. For

this reason alone, low-temperature measurements have become

popular [9]., Numerous commercial cryostats are now available,

the commonly used refrigerants being liquid nitrogen for tempera-

tures down to 78 X and liquid helium down to 4.2 K. Cryostats

with a fully-variable temperature control are also used, particularly

in the study of phase transitions. In some applications it is desir-
able to apply a large external magnetic field to the absorber, and
superconducting magnet installations are available which can pro-
duce magnetic flux densities of up to 107

Although this discussion has been weighted in favour of using a
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transmission experiment to observe resonant absorption, it is also
possible to detect resonant fluorescence by a scattering experiment.
The resonant absorption event may be recorded by detecting the
scattered y-ray on de-excitation (alternatively, if the internal con-

version coefficient  is large, the conversion-electron or X-ray ' Y2
©

produced may be registered). This has the advantage that non-
resonant radiation from the source is not recorded, and the major
remaining contributions to the radiation background are scattered
higher-energy y-rays and non-resonant Rayleigh scattering. The
main disadvantages are that the intensity of the scattered radiation
is very weak, and the large solid geometry requirement-for a high
count rate results in broadening of the Mossbauer line. A further
problem, which may arise if scattered y-rays are counted, is the
possibility of anomalous effects dependent on the scattering angle.
These are due to interference between resonant Mossbauer scatter-
ing and the non-resonant Rayleigh scattering [12] and to dlffrac-
tion [13].

The principal application of scattering experiments is in the stu-
dy of surface phenomena, and examples of this are given in Chap-
ter 9.

1.5 Mossbauer isotopes

Several requirements can be formulated which must be fulfilled
if there is to be an easily observable Mossbauer resonance:

(1) The energy of the y-ray must be between 10 and 150 keV,
preferably less than 50 keV, because the recoilless fraction f and
Tesonant crosssection og both decrease as £ increases. This is
the main reason why no resonances are known for isotopes lighter
than K. The y-transitions in light nuclei are usually very energetic

(2) The half-life of the first excited state which determines I
should be between about 1 and 100 ns. If #;pis very long, then I
is so narrow that mechanical vibrations destroy the resonance con-
dition, and if 73/, is very short then I will probably be so broad as »
to obscure any useful hyperfine effects. (-‘75

(3) The internal conversion coefficient @ should be small (<10)
so that there is a good probability of detecting the y-ray.

(4) A long-lived precursor should exist which can populate the ¢
required excited level. This usually means an isotope which decays i
by p-decay, electron capture, or 1somenc tran51t10n Althouch

L =9
\9°

—
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some experiments have been done with energetic nuclear reactions
in situ such as Coulombic excitation or (d, p) reactions, these ¥ )
methods are not applicable to roﬁfm

(5) The ground-=state isotope should be stable and have a high
natural abundance so that isotopic enrichment of absorbers is
UnNnecessary. : =

Despite these restrictions, a Mossbauer resonance has been

ecorded in 100 transitions of 83 different isotopes in 44 elements,
the majority of the heavy elements in fact. These are listed at the
end of the book. However, many of these resonances can only

be recorded with difficulty at the present time. Some of the more
useful resonances, many of which are illustrated with examples in
later chapters, are listed in Table 1.2. Some of their nuclear pro-
perties are also given, including the nuclear spin states /; and /

and their parity, and the internal conversion coefficient a.

The most popular Méssbauer resonance is undoubtedly the
14.41-keV vy-transition in 37Fe, and the decay scheme for the 37Co
parent is shown in Fig.1.5, tfogether with the decay schemes for the
1198n, 1297 and 1%3Ir resonances. The conveniently long-ived 37Co
nucleﬁs decays by electron-capture with high efficiency to the
136.32-keV level of 57Fe, from whence 85% of the decays pro-
ceed to the 14.41-keV level. The lifetime of this state is 99.3 ns,
giving a Heisenberg width of P;=0.192 mm s~ in the Mdssbauer
resonance. The large value of « for this level (8.17) unfortunately
reduces the source efficiency to less than 10%, but the y-ray is
well resolved from the two higher energy y-rays and the 7-keV
X-rays produced by internal conversion. Although the natural
abundance of 57Fe is only 2.19%, the absorption cross-section of
09 =2.57x 10718 cm? is unusually large, and results in a satisfac-
tory resonance at room temperature. Metals and refractory
materials can give an acceptable absorption even above 1000 K., * ‘7‘
although organometallic compounds with a low effective Debye
temperature are more effective when cooled.

One of the most important experimental aspects is in the choice
of a source matrix. It is very desirable to have a high recoilless
fraction and a single emission line unbroadened by hyperfine
interactions. The best choice of host matrix is usually a high-
melting metal or a refractory oxide of cubic structure; for example
the most popular host for 119mSn is the oxide BaSnOj3, and 57Co is’
usually diffused into a metal, such as palladium, platinum or rho-
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Table 1.2 Nuclear parameters for selected Mdssbauer transitions

Natural

I/ : abund-
Isotope E,/keV (mm s—1) I, I o4 ance (%) Nuclear decay*
57Fe 14.41 0.192 1/2— 3/2— 817 2.7 STco(EC

: 270 d)
61N; 67.40 0.78 312 5/2— 0.12  1.25 $1Co(~99 m)
99Ru 90 0.147 502+ 3/2+ = 12.63 99Rh(EC 16 d)
1%y 2387 0626 1/2+ 3/2+ - 5.12  8.58 1I9mgn(IT
250 d)

121gp 37.15 2.1 502+ 12+ ~I10 57.25 12lmgn(g-

' 76 y)
15T 3548 502 1/2+ 3/2+ 12.7 6.99 1BHEC60d)
127y 57.60 2.54  5/2+ 7/2+ 3.70 100 127mTe

: (=109 d)
1291 27.72 0.59 72+ 5)2+ 5.3 nil 129mTe
(633 d)
129%e 3958 685 1/2+ 3/2+ 11.8 2644 12918~
1.7 %107 v)
49%¢m 225 1.60 Ry R 13.9  M9By(EC
: 106 d)
gy 216 1.44 5[4 72+ 29 478 131G4(EC
’ 120 d)
lpy 2565 0.37 5/2+ 5/2— ~25 1888 l6lTp(p-
_ 6.9 d)
169Tm 840 9.3 1/2+ 3/2+ 220 100  169E (g~
9.4 d)
182w 100.106 2.00 o+ 2+ 32 264 18278
: 115 d)
18905 69.59 241 3/2— 5/2— 82 161 I189IEC
133 d)
1931, 73.0  0.60 3/2+ 1/2+ ~6 61.5 1930s(p
31 h)
19740 77.34 1.87 324 1/2+ 40 100 197p¢(5~18 h)
237Np  59.54 0.067 5/2+ 5/2— 1.06 nil  241am

(@458 y)

*EC = electron caprure, §~ = beta-decay, IT = isomeric transition, « = alpha-decay

dium. However, these were chosen as the result of experience,
and the development of a good source is of prime importance in
studying a new resonance.

In some instances where the absorption is too weak, a substan-
tial improvement can be obtained by using isotopic enrichment.
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Fig 1.5 The nuclear decay schemes for the Mossbauer resonances in
STre, 119gn, 1251 ang 193,

Thus °7Fe has an abundance of only 2.17% in natural iron, but
material enriched to 90% can be used in compounds with a very
low total iron content (eg. dilute iron alloys or haeme-proteins) to
obtain an adequate cross-section for absorption.

1.6 Computation of data

=
The characteristic digital data comprising a Méssbauer spectrum
are in an ideal form for statistical calculations by digital computer.
For this reason the multichannel analyser is usually equipped to
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output data in a form suitable for input to one of the standard
computer peripherals. },5 It

Each spectrum compnses N dmtal values, Y;, of the number of
y-counts registered at velocities X;. The statistics of spontaneous
radioactive decay processes follow a Poisson distribution [14].

If the mean value of the number of counts recorded in a given time
is Y, then the standard deviation in ¥ is+/Y. Inits simplest form
the Mossbauer spectrum comprises a single absorption line which
has a Lorentzian shape, and can therefore be specified completely
by four parameters; the linewidth, the line position, the intensity
of the absorption, and the baseline count for zero absorption.

These parameters may s b i i :
P y always be found by visual inspection, but 3); M

more precise values, together with their standard deviations, are
obtained by computing a least-squares fit to the data. Appropriate
starting values of the n parameters are ‘guessed’ and used to cal-
culate the ‘theoretical’ value of data point i to be 4;(n). The dis-
crepancy berween the observed data and the assumed model can
be represented by the weighted sum of the squares of the dif-
ferences

o X (1Y - 45m12
e Z {[ ()] } _ L8)

rs
=1 Y

This expression can be used as a ‘goodness-of-fit’ function and
minimized by standard mathematical routines to give the best
values of the n variables. The function F has N-n degrees of free-
dom and the properties of a chi-squared distribution at the mini-
mum [14] :it mayv be related to the probability that the theoreti-
cal model is a valid description of the data, and in conjunction
with statistical tables [15] its value indicates the degree of confi-
dence to be placed on the final answers. For example, a computed

it to data with 400 degrees of freedom is within the 25—75% con-

fidence limits of the x? distribution if 380 < F'< 419, and within
the 5-95% limits if 355 < F < 448. A value outside these limits
is generally indicative of either faulty data or an inappropriate
theoretical model,

The most commonly used theoretical function is a summation
of Lorentzian lines, but the same basic principles are valid for any
function which correctly describes the data. However, one word
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of caution must be given. A good fit to data is nof unambiguous
proof that the theoretical function is the correct one. In a com-
plicated spectrum it is quite feasible to fit a function which has no
physical significance. The final data analysis must be compatible
with other scientific evidence, and inevitably there will be instances
where it is not possible to distinguish between alternative hypo-
theses.
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CHAPTER TWO

Hyperfine Interactions

In Chapter 1 it was shown that the Mossbauer spectrum is a récord
of the intensity of a transmitted y-ray beam as a function of the
Doppler velocity between the source and absorber, The resonant
absorption line has a Lorentzian shape of widthI'; and is centred
at zero relative velocity between source and absorber. The practi-
cal application of this measurement would be limited were it not
for*the fact that the energies of the nuclear states are weakly influ-
“enced by the chemical environment. It is possible to detect these
extremely small effects because of the high definition (better than
1 in 10!2) of the y-ray energy.
There are three principal mteractions to consider. These are:

(1) A change in the electric monopole or Coulombic interaction
between the electronic and nuclear charges, which is caused by
a difference in the size of the nucleus in its ground and excited
states. This is seen as a shift of the absorption line away from
zero velocity and is variously known as the chemical isomer
shift, isomer shift, or centre shift, and designated by the
svmmbol 8.

(2) A magnetic dipole interaction between the magnetic moment
of the nucleus and a magnetic field. The origin of the latter may
be intrinsic or extrinsic to the atom. The result is 2 multiplet
line structure in the spectrum known as magnetic hyperfine
splitting.

(3) An electric quadrupole interaction between the nuclear

22
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quadrupole moment and the local electric field gradient tensor
at the nucleus. This alsoresults in a multiple-line spectrum.

Magnetic hyperfine interactions were first observed by Pound
and Rebka in 1959 [1], and the chemical isomer shift and quadru-
pole interactions by Kistner and Sunyar in 1960 [2] . At first sight
the rapid development of Mossbauer spectroscopy from then on-
wards seems extraordinary, but it should be realized that most of
the underlying theory was already available. The chemical iso-
mer shift 1s similar in origin to the isotope smmﬂm
Emctmns are the basis of nuclear quadrupole
resonance, while the magnetic dipole interactions together with the
theory of time-dependent processes were familiar in nuclear mag-
netic resonance and electron spin resonance spectroscopy.

All three effects may occur together, but only the magnetic and
quadrupole interactions are directional and thus have a complicated
interrelationship. The chemical isomer shift behaves independently
of the other two interactions, and is conveniently considered first.

Although this chapter emphasizes the ways in which the hyper-
fine interactions of the nucleus are used to investigate the chemical
environment, it should be noted that many of the early measure-
ments on each Mossbauer resonance were made to obtain values
for the nuclear parameters. For example, although the spin, mag-
netic moment, and quadrupole moment are usually known for
the ground state of the nucleus, this is not necessarily the case
for an excited state. It has often been necessary to determine one
or more of these parameters from the hyperfine mteractlons in
appropriately selected compounds.

2.1 The chemical isomer shift §

Pl
In most instances it is adequate(;o consider the Coulombic inter-
action between the electrons and the nucleus as if the latter were a
point charge. This assumption is made for example in solving the
Schrédinger wave equation for the electronic structure of the atom.
Such a simplification predicts that there will be no change in the
Coulombic interaction energy when the nuclear excited state
decays to the ground state. However, the nucleus does have a finite
size which may change fractionally during the transition. It must
also be realized that an s-electron wavefunction has a finite value

—

Joe?
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inside the nuclear radius, and is directly responsible for the change
in electrostatic energy observed.

The integrated Coulombic energy for an electron of charge —¢
moving in the field of a point nucleus of charge +Ze is given by

== @1

Ze? = _ dr
e
dmeg J r

where ¢ is the permittivity of a vacuum, r is the Iadial distance,
and —e¥? is the charge density of the electron in y volume element
dr. If the nucleus is spherical with a radius R, then equation (2.1)
is valid for r > R, but overestimates Eq for r < R. It is possible to
calculate an approximate correction. W, by assuming a model for
the proton charge density within the nucleus [3]. If this is taken
to be uniform, and certain simplifving approximations are made
in the mathematics, the comparatively simple expression obtained
is

YWe (1.9

Ze2R21¥(0)12 G g

_15_(:‘}60 L 2% --j;_?i ) - 3

-
A
?denere 1¥.(0)12 is the non-relativistic Schrodinger wavefunction at
R T
; —1f the nucleus changes its radius by a small mcrement & R during
its transition from the excited state to the ground state, there will
be a simultaneous change in electrostatic energy given by

S r\;\

1 SR
AW = —Ze2R2 —
R

P2
560

(2:3)

The value of 6R/R is characteristic of each transition, but is typi-
cally of the order of 10—* and may be of either sign. A positive
sign means that the nucleus shrinks on de-excitation. The Moss-
bauer experiment compares the difference in energy between the
nuclear transitions in the source and absorber, so that the chemical
1somer shift as observed is given by

- - s A
Ol o A

'/P)y’r—"-:”
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5= 5 Ze2R2 = (l‘I’S(O)abmiz ~ [#:Osonzce |2) (2.4)
0 i

This can then be related quite simply to the measured shift in
Doppler velocity units, v, by v = (¢/E,)é. (The customary symbol
for the chemical isomer shift, &, is not to be confused with the
change in nuclear radius, § R).

Equation (2.4) can be seen to be the product of a chemical term
(the electron density at r = 0) and a nuclear term (the change in
nuclear radius). The latter is a constant for a particular transition,
and thus it is possible to study relative changes in electron density
directly. Equations similar to (2.4) are sometimes used which
express the nuclear radius as a mean-square value to indicate that
it is not necessarily spherical, but these may be converted to the
expression above by using the relationships 6(R BR%=26R/R
and (Rz) —(Rz) *—Rz(é R/R). For chemical applications it is often
sufficient to compare chemical isomer shift values using the sim-
plified expression

8 = constant X (1%,(0)4 12 — 1¥:(0)g12) (2.5)
where A and B are two different chemical environments of which
B is either the source matrix or a reference absorber

It is important to realize that ¥ (0)12 is the s-electron density
at the nucleus, and not the s-electron occupation in the formal
chemical sense. If 6R/R is positive, a positive value of the chemi-
cal isomer shift, 8, implies that the s-electron density at the nuc-
gus in A is greater than in B. 1¥,(0)1? includes contributions from
all the occupied s-electron orbitals in the atom, but is naturally
more sensitive to changes which take place in the outer valence
shells. Although the Y_alues of IBU(O)I for p-, d- and f-electrons
are zero, these orbitals nevertheless do have a sxgmﬁcant indirect
interaction with the nucleus via interpenetration shielding of the
s-electrons. . For example a 3d>4s? configuration will have a Iarﬂer
value of 1¥,(0)12 than 3d%4s! because in the latter case the extra
d-electron shields the 4s-electron from the nucleus. x

In a number of instances a Mossbauer resonance can be observed
for two or more transitions to the same ground state, or for several
isotopes of the same element. The chemical isomer shifts of two

— \ S
4

P
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different resonances in the same series of compounds should be
interrelated purely by the difference in 6 R/R, and this appears to
be the case. An interesting illustration is provided by the 1271 and
1291 spectra of NazH;1Og shown in Fig.2.1. The source matrix was
zinc telluride in each case but containing 12’ Te and 129m Te respec-
tively [4]. These isotopes f-decay to populate the 57.6-keV level
of 127 [ and the 27.7-keV level of 121, The absorptions occur at
positive and negative velocities because 6R/R is negative in 127]

and positive in 1291, while the s-electron density at the nucleus is
greater in the source than the absorber. The relative magnitudes
of the shift also differ because [6R/R(127)] /[6R/R(121)] = —0.65.
The resonance lines have different widths because I', = 2.54 mm

s—! for 127] and 0.59 mm s~ for 129].

An accurate calibration of the chemical isomer shift scale for a
particular isotope is not without difficulties. The change in nuc-
lear radius, 6R/R, cannot be determined independently of the
chemical environment, which means that the electron density
|¥,(0)12, has to be estimated by molecular orbital methods in at
least two compounds before a value for § R/R can be obtained.
Some of the problems which this creates are discussed in Chapter 4.

The observed line-shift is not entirely caused by the chemical
1somer shift as described above. There is another generally smaller
contribution termed the second-order Doppler shift, which was
first observed by Pound and Rebka in 1960 [5]. The emitting or
absorbing nucleus is not stationary but is vibrating on its lattice
site. The period of vibration is much shorter than the Mdssbauer
lifetime so that the average displacement and velocity are effective-
ly zero, but the mean-squared values of the velocity, (v2), are
finite. i

The relativistic equation for the Doppler effect on the apparent
frequency v of the emitted photon (as recorded at the absorbing
nucleus) is

2\ =1/2
=y (1 = 2 e a) (1 i -”—) (2.6)
! {4

2

{vhereyn 1s the frequency for a stationary nucleus, and v is the ap-

parent relative velocity of the emitting nucleus along a direction
making an angle ¢ with the y-ray direction (Note: v is not the velo-

&ity along the direction of travel of the yray). For an oscillatory
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Fig. 2.1 The 1271 and 1291 spectra of Na3H;10g showing the smalier line-
width and larger chemical isomer shift of opposite sign for the latter ([4],
Fig. 1}

motion the mean value (p) is zero so that only the second-order term
in (¢ can influence the Mossbauer resonance. Hence for v <€ ¢

o)
. (1 i ,)Cg} ex)

This gives rise to a shift in the Mdssbauer line of

2y 26‘2

S8E _wo—v (v?) (2.8)
E,

It is obvious that (v?2) increases with rise in temperature. Accord-
ingly, the Mossbauer resonance in an absorber moves to 2 more
negative velocity as the temperature is raised. The second-order
Doppler shift contribution to the observed chemical shift is smallest

. ]
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at absolute zero, but is still finite because of a zero-point motion
of the nucleus.

The second-order Doppler shift is often ignored when compar-
ing values of the total observed shift because it always acts in the
same sense, but such a comparison should only be made for simi-
lar compounds at the same temperature, and small differences
regarded as not significant. A more detailed discussion of the
second-order Doppler shift will be found in Chapter 6.

2.2 Magnetic hyperfine interactions

The nucleus has a magnetic moment, p, when the spin quantum
number, /, is greater than zero. Its energy is then affected by the
presence of a magnetic field, and the interaction of p with a mag-
netic flux density of B is formally expressed by the Hamiltonian

o b

H=—-p-B=—guyl+ B (2.9)

m?or J T-1) and g is the nuclear g-factor [g = p/Uun)]. Solving
this Hamiltonian [6] gives the energy levels of the nucleus in the
field to be
ubB
Em=— = m.= —gunBms

7 (2.10)

where 7. is the magnetic quantum number and can take the values

LI-1,...,~1 Ineffect, the magnetic field splits the energy

- levelinto 27+ 1 non-degenerate equi-spaced sublevels with a separa-
tion of uB/I. . '

In a Mossbauer experiment there mav be a transition from a
ground state with a spin quantum number I, and magnetic moment
He 10 an excited state with spin /. and magnetic moment e Ina
magnetic field, both states will be split according to equations
(2.9) and (2.10). Transitions can take place between sub-levels
provided that the selection rule Am. =0, £1 1s obeved [this is cal-
led 2 magnetic dipole (M1) transition; for other selection rules see
Section 2.5 on line intensities]. The resultant Massbauer spectrum

contains a nurnber of resonance lines, but is nevertheless svmmetri-
cal about the centroid.

FEe)
where py is the nuclear magneton (eh/4mn, = 5.04929 x 10-27 A *30°
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A typical example of magnetic hyperfine splitting is illustrated
schematically in Fig.2.2, which is drawn to a scale approprate to
1198n. For this isotope I, = roy " =, pg = —1.041py and

#e = 70.67uy. The change in sign of the magnetic moment results

. in a relative inversion of the multiplets. The six lines are the allow-

ed Am, = 0, +1 transitions, and the resultant spectrum is indicated
in the stick diagram. The lines are not of equal intensity, but the
3:2:1:1:2:3 ratio shown here is often found for example in the
5TFe and 119Sn resonances in randomly oriented polverystalline
samples. A more detailed account of relative line intensities is
given later in the chapter.
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Fig. 2.2
fine splittingof an [, =1 = = g—transition. The relative splittings are
scaled in accord with the magnetic moments of 1195n; g =—1.041p and
He=+0.67un. The line intensity ratios of 3:2:1:1:2:3 are appropriate to 3
polvcerystalline absorber.

The energy-level scheme and resultant spectrum for magnetic hyper-
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The magnetic field may be applied by an external magnet, or it
may be intrinsic to the compound in which case it is usually refer-
red to as an ‘internal’ field. An unpaired electron in the atomic
environment can induce an imbalance in electron spin-density at
the nucleus, and thereby generate a local magnetic flux density
which can be as large as 100 T. Examples of this may be found
in Chapter 5.

The sign of an internal magnetic flux density, B, can sometimes
be obtained by applying an additional externally generated mag-
netic flux density. By, with a large magnet. If the resultant flux
density in the Mossbauer spectrum has increased to B + B by
parallel alignment of B with By (i.e. the internal field is parallel
to the magnetization) then the sign is positive, whereas a field of
B — By signifies antiparallel alignment and a negative sign. This
method fails if the magnetic anisotropy of the matrix is large
enough to prevent rotation of the internal field into the dlrectlon
of the applied field.

Time-dependent effects such as relaxation are discussed separ-
ately in Chapter 6.

2.3 Electric guadrupole interactions

The electric quadrupole interaction in Mossbauer spectroscopy is
very similar to that in nuclear quadrupole resonance spectroscopy
[7]. The main difference is that the latter is concerned with radio~
frequency transitions within a hyperfine multiplet of a ground state
nu_c_@?"ﬁﬁe_reas the former is a y-ray transition berween the
leperﬁne > multiplets of the nucleus in its ground and excited
states. Only those nu nuclear‘StﬁtﬁTﬁfﬁTTTe anuclear quadru-
pole moment and hence show a quadrupole hyperfine splitting. In
consequence it is often possible to observe a quadrupole interaction
in the Mossbauer spectrum which derives from the excited state
of the nucleus, even though the ground state has I;=0orl, =3
and therefore does not give an N. Q.R. signal.
The nuclear quadrupole moment, Q, is a measure of the devia-
tion from spherical symmetry of the nuclear charge. It is expressed
bv

e =fpr2(3 cos28 — 1)dr 2.11)
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where +e is the charge on the proton, and p is the charge density
in the volume element dr at a distance r from the centre of the
nucleus and at an angle 6 to the axis of the nuclear spin. The mag-
nitude of Q is often referred to in units of barns (1 barn = 10-28
m?).\ The sign of Q can be positive or ne ing to whe-
th@g@WﬂﬁM@&te) or flattened

The electrostatic potenhal at the nucleus due to a point charge
g at a distance 7 is given b}l V= @Eor)_,where €o 15 the permitti-
vity of a vacuum. The mteractlon of the nuclear quadrupole mo-
ment with the electronic environment is expressed by the
Hamiltonian

= |
H =— éeQ-VE}' (2.12)

where VE represents the electric field gradient at the nucleus
(which is the derivative of the electric field, E, and hence the

-ng&aﬂve of the second derivative of the potential, V). VEis a ten-
sor quantity which can be written as

32V

i

Vb= =7 (2.13)

0X0X;

Reerias i s

system x, y, z. A ‘principal’ axis system may always be defined
such that all the V;; terms with i s j are zero (the matrix of the
tensor is diagonal), leaving the three finite ‘principal’ values V...
Vy,,and V.. Furthermore, AEisa traceless tensor, so that

Vx t Vyy # V==0 ‘ (2.14)

As a result it is only necessary to specify two parameters to com-
pletely describe an electric field gradient tensor in its principal
axis sytem‘ V= = eq is taken to be the largest value of iVH |, and
an asymmetry parameter, n, is defined by

=V — yyy)/Vz ) (2.15)

7/}&

\ \ There are thus nine valu Vi to express VEin a Cartesian axis %

¥
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Lsuch that 171> [V, 12 1V, land 0 < . The z axis is then
Teferred to as the ‘major’ axis, and x is the minor’ axis. The cor-
rect assignment of these axes is often obvious from the molecular
geometry if the overall symmetry is high; e.g. in a molecule with
axial symmetry, the z axis is the symmetry axis. (Note: in an arbi-
trary axis sytem it is necessary to specify five parameters which
may be Vo, Vi, Vz, V3, and V), or altematively the principal
values V= and n w1th three angles to specify their orientation with
respect to the arbitrary x, y, z axes.)
The Hamiltonian in equation (2.12) is more often written as

. eg R Wl A 72
H = ar—1) (Ve iz + Viyly + Vi If]
-. :"’2‘?7@{ j2 I+ 1) +q(I2 - )] (2.16)
oo4lr-1)

where L, I} and [ are quantum-mechanical spin operators. A
completely general solution of this Hamiltonian is not possible,
but exact expressions may be given under certain conditions.

If the electric field gradient tensor has axial symmetry ( = 0)
the energy levels are given by

Eg=—22 _3p_ g+ (2.17)
ARI=D. -

where the quantum number % can take the 27+ | values of

Lok —Fonlpl ITE 3. £, Zetc. the energy level is split into

a series of Kramers’ doublets with £/, states degenerate. An
important example is / = 2, which has two energy levels at
+e2qQ/4 for J. = +2 and ue 2gQ/4 for I, = +2. If the symmetry is
lower than aual (i. e. when 7> (), an exact exmessmn can only be
given for /= 2, and is ;

e2qQ . 5
Eg= ———— 317 — (] + +52/3)12 2
0 41(21_”[.31_. I+ 1D +72/3) (2.18)

with energy levels at +(e2g0/4)(1 +%2/3)}2. Values for higher spin
states must be calculated numerically.
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A Mossbauer transition between states can take place according
to the selection rule Am, =0, £1 for M1 dzpole radiation. The
most common example is the /; =1 = J, = Z transition in which =~ %
the ground state with L = +1 is unsplit, and the excited state has
two levels with . = +2 and + *1— separated by (e2qQ/2)(1 + n2/3)12,
The resultant Mossbauer spectrum is a doublet with a separation
called the quadrupole splitting of A = (e2gQ/2)(1 +72/3)}2. When
7= 0, A=e290/2 or half the quadrupole coupling constant defin-
ed in nuclear quadrupole resonance spectroscopy. Typical energy
level schemes for . - £ and 7 > £ (scaled to 11) transitions and
the resultant spectra with relative line intensities for randomly
oriented polycrystalline samples are illustrated in Fig.2.3.

The quadrupole spectrum is symmetrical only in the case of a
3 = 3 transition. In this particular instance there is no direct means
of estabhshmg the magnitude of n or the sign of V.. However,
as detailed later in the chapter, it is possible to determine these
parameters, either from the angular dependence of the line inten-
sities in single crystals, or from the spectrum observed when a
large external magnetic field is applied.

Once e¢%gQ and 1 have been measured, they may be related to
the chemical environment of the resonant nucleus. The coupling
constant e29Q is the product of a nuclear constant (eQ) and the
maximum value of Vj; (gg_}/) Considerable confusion is often caused
mmﬁm V. = eq without specifying whether e
is taken to be the charge of the electron or the proton. For this
reason it-is preferable to refer to the sign of e29Q or of g.

If /; = 0 or 7 so that Q, = 0, then the magnitude of Q, has to be
estabhshed emmncally by comparing the observed quadrupole split-
ting values with estima ted values of V. Fortunately, use of the
quadrupole splitting is not entirely dependent on these intrinsi-
cally difficult calculations. The relative order of magnitude of
e2gQ can be related comparatively easily to the valence orbitals

- of the atom. The numerical value of 17, due to an occupied elec-

tron orbital expressed by the wavefunctior: ¥ is given by the
integral

- { 20 .
_V_,_,: _._ 4 -R) - (3 cos? @ 1) - (2.19)
e dne r3

where (I — R) is an empirical quantity less than unity, called the
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Sternheimer shielding factor, which allows for an opposing polan-
zation of the inner core electrons [8]. Similarly

1 3sin? 6 cos 2 :
7= Efsw ("—____S_?) v, (2.20)

r3
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Table 2.1 The magnitude of g and 7 for the p- and d-orbitals

Orbital 4meqq /(1 —R) 7
P _%(r-&) .
Py +2{r~3 -3
Py +2(3) +3
gy +073 0
d,2 —'%-(r‘3) 0
L1403 :
dxy xg(r 3) 0
dy 70—") +3
dy =) =3

The magnitudes of g and 7, expressed in units of the expectation
value of 1/r3, are given in Table 2.1 for the conventional p- and
d-orbitals.

The total value of ¢ for a completely filled or half-filled shell of
electrons is zero. An excess of electrons along the z axis (occupy-
ing p,, d2, d.. or dy,) results in a negative value of g, while an
excess in th‘- xy plane (py, py, dxy OF d.: ,) gives a positive value
of g. The value of (r-3) fora 4p-e1ectron wz]l be significantly smal
ler than that of a 3p-BI“C‘L]’0n because of the greater radial extent
of the former, and similarly a 3d-electron will give a smaller value
than a 3p-electron, but probably greater than'a 4p-electron. The
spherically symmetric s-electron gives no electric field gradient.
The sign and magnitude of e2qQ can therefore be used empirically
to measure the asymmetric occupation of the atomic valence orbi-
tals, and many examples of this will be found in later chapters.

In some compounds the Mossbauer atom has an intrinsically higl
symmetry (e.g. the Fe3*d5 jon has a half-filled shell and is a sphe-
rical S-state jon) but may still show a quadrupole splitting. The
latter originates from chargés external to the atom, such as other
ions, which polarize the spherical inner core and can induce a very
large electric field gradient at the nucleus. This ‘lattice’ contribu-
tion summed over individual charges Z;e may be written as

Ve (1 —ya) 3coste —1
Sotie e Z e i
> Qlatt e ]Z i "i3

(2.21)
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where ¥.. is the Sternheimer antishielding factor [8] . This para-
meter expresses the core polarization and is usually large and nega-
tive. The lattice contribution also exists when the valence orbitals
are asymmetrically occupied, but is usually acknowledged to be a
minority contribution unless the co-ordinate geometry is very
distorted. Formal attempts to subdivide g into valence and lattice
terms are generally arbitrary and not altogether convincing.

2.4 Combined magnetic and quadrupole interactions

Both the magnetic and quadrupole hyperfine interactions express
a directional interaction of the nucleus with its environment. How-
ever, when the two are present together, their respective principal
axes are not necessarily co-linear, and it is not surprising therefore
to find that the resultant behaviour can be much more complex.
The formal Hamiltonian which is the sum of equations (2.9) and
(2.12) has no general solution, but the predicted spectrum may
always be obtained by numerical computation.

One of the few useful restricted solutions for a % ->% transition
is the case where the quadrupole interaction is very much weaker
than the magnetic term, and can be treated as a small perturbation
upon the latter. The resultant energy levels are given by

e2 3cos28 — 1 '
Eqm = —gun Bm. + (—1)mz!* 12 i ( = ) (2.22)

4 3 J =

where ¢ 1s the angle between the magnetic axis and the major axis
of the electric field gradient tensor. All the magnetic hyperfine
lines are shifted by a quantity

lel =

e2gQ [3cose — 1
k L (2.23)

2

but the angle 6 and the value of e2qQ cannot be determined
separately from the line positions. A schematic illustration of this
is given in Fig.2.4. The presence of a small quadrupole perturba-

* tion is easily visible because the spectrum is no longer symmetrical

about the centroid. If by chance cosd = 1/A/3 then the second term

in equation (2.22) vanishes and the spectrum appears to be that
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tions 1 -2 and 5—6 is therefore 4e.

of an unperturbed magnetic hyperfine splitting. Examples of com-

- bined magnetic/quadrupole interactions may be found on pp 115—116.

In the preceding section it was found that the sign of e2¢Q and
the magnitude of n could not be determined from the quadrupole
splitting of a £ — 3 transition in a polycrystalline absorber because
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the spectrum is symmetrical. One means of obtaining this informa-
tion is to re-measure the spectrum in a large externally applied mag-
netic field with a magnetic flux density of 30—50 T. It is custo-
mary to apply the field paraliel or perpendicular to the y-ray

beam. The resultant spectrum is-of complex shape, reflecting the
random orientation of the electric field gradient tensor with
respect to the applied field, but is not symmetrical, so that the

sign of e2g( is.indicated. The shape of the spectrum may be cal-
culated approximately by summing numerically the individual cal-
culated spectra for a large number of orientations of the electric
field eradient tensor.

One of the best examples of this method is given by the Fe57
resonance. The applied field splits the +3 component of the quad-
rupole spectrum into an apparent doublet, and the 5 component
into an apparent triplet. Typical calculated spectrum envelopes
are shown in Fig.2.5. The spectrum tends towards a symmetrical
shape as o approaches unity (i.e. when V = —V), the sign of the
major axis is indeterminate), and can be used to determine
to an accuracy of about +0.05. '

2.5 Relative line intensities

It was intimated in the preceding sections that the individual lines
in a spectrum showing a hyperfine interaction have characteristic
intensities which can be used to identify particular transitions. The
magnitudes of the chemical isomer shift, the magnetic hyperfine
field and the quadrupole splitting, can all be determined from the
line positions alone, and the intensities merely used to confirm the
assignment. Ifitis also desired to obtain the orientation of the
magnetic axis or the electric field gradient tensor in an anisotropic
sample such as a single crystal, then a more detailed knowledge of
line intensities is essential.

The intensity of a particular hyperfine transition between quan-
tized sub-levels is determined by the coupling of the two nuclear
angular momentum states [9]. It can be expressed as the product
of two terms which are angular-dependent and angular-independent

_respectively. Since the former averages to unity when all orienta-
tions are equally probable, e.g. in a randomly oriented polycrystal-
line powder sample, it is convenient to consider the angular-
independent term first. :
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cases,

The intensity in this instance is given by the square of the appro-
priate Clebsch-Gordan coefficient [10]

Intensity @ < 1J — mymlfamqy>2 (2.24)
where the two nuclear spin states /; and 1> have I, values of m;

and mo, and their coupling obeys the vector sums J = I, + I, and
m=my —mj. J is referred to as the multipolarity of the transi-
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tion, and the intensity is greater if J is small: if J =1 it is referred
to as a dipole transition, while with J = 2 it is a quadrupole transi-
tion. Most of the Mossbauer transitions take place without a
change in parity, so that the radiation is classified as a magnetic
dipole (M1) or electric quadrupole (E2) transition. One of the few
exceptions is the 25.65-keV £+~ 2—-transition in 161Dy which is
an electric dipole (E1) transition. In some instances such as
99Ru(90-keV) and 197 Au(77-keV) the radiation is a mixture of M1
and E2, and both terms must be added in the appropriate pro-
portion. The selection rule for an M1 or El transition is am. =

0, =1, and for an E2 transition is Am, = 0, 21, +2.

The most frequently used coefficients are those for the . 33 2
M1 transition. and these are given in Table 2.2 (coefficien ts for
other spin states have been tabulated in [11]). /; may be either
the ground or excited state spin Although there are nominally
eight transitions, the + > - and —$ - +1 transitions have a zero
probability (forbidden) The six flmte coefﬁc;ents, C?, which
express the angular-independent intensity have a total probability
of unit intensitv and give directly the 3:2:1:1:2:3 intensity ratios
for a magnetic hyperfine splitting, shown in Fig.2.2. The corres-
ponding terms for a quadrupole spectrum are obtained by summa-
tion and @ve a 1:1 ratio. .

The angular dependent terms, ©(J, m), are expressed as the
radiation probability in a direction at an angle ¢ to the quantiza-
tion axis (i.e. the magnetic field axis or ¥, : note that the values
in the table in the latter case are only correct if n = 0). The inten-
sitv for a polverystalline sample is obtained by integration over all
f to obtain 8(J, m}; e.g.

(X1

and the total of emitted radiation is independent of 6 and nor-
malized to unity, 1.e.

> ML = mymLm BT = | (2.26)

mim32

Coefficients such as those in Table 2.2 are necessary to interpret

1 2n ™ i . i
sin? @ = S f G sin26) sinfdfde = 1 (2.25)
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the angular dependence of the spectrum from a singie crystal or
oriented absorber. For example, a magnetically ordered metal alloy
or oxide absorber may often be ‘polarized’ by magneti'zing ina
small external magnetic field to give a unique direction of the inter-
nal field. The expected line intensities can then be predicted from
Table 2.2 to be in the ratios 3:x:1:1:x:3 where x = 4sin? /(1 +
cos? 6); in particular the m = 0 transitions have a zero intensity
when observed along the direction of the field (6 = 0°) and a maxi-
mum intensity perpendicular to the field (§ = 90°). This is illustrat-
ed schematically in Fig.2.6.

The equivalent behaviour in the quadrupole spectrum isa 1:3
ratio for the y-ray axis parallel to the direction of V= and a 5:3
ratio perpendicular to V. In this instance the angular dependence

Table 2.2 The relative probabilities for a 3,  transition

Magnetic spectra (M1)

C A 9, m)

my —my m (1) (2) (2)
+2 41 +1 1 1 2(1 +cos2 )

1 1 1 3 .2
T 0 ¥ e, gl
~§— +%— —1 \/g 5 Z(,l + cos~ )
-2 + Ps) 0 0 _
2 -1 +2 0 Vi -
& i 1 ] 3

; ?_ +1 3 1 ;‘.(l -I;cosz &)
_g_ —'%* 0 3 ? -g sin* 8
- - -1 1 T (1 + cos? )

Quadrupole spectra (M1) when =0

CZ : @(.}, m_)
Transition (2) (2)
47 4 i
—g, i'g' 5 1 T 3 sin? 6
2, 5 5 3 (1 + cos? @)

(1) The Clebsch-Gordan coefficient -1 — mymE-m,) '
(2) C? and ®(J, m) are the angula:-maepcndent and angular-dependent terms normalized
to a total radiation probability of

Z C*e(, my=1

myma
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can be used to determine which of the two lines is the +
transition, and hence to obtain the sign of e290.

15 23
= =)

If there are combined magnetic and quadrupole interactions, or -

the asymmetrv parameter 7 is non-zero, the previous discussion is
no longer strictly valid. In these circumstances the energy states
are no longer ‘pure’ states with a defined quantum number, and
must be represented as linear combinations of terms. Likewise the
intensity is obtained by an amplitude summation to allow for
interference effects. These calculations are somewhat complex
[11] and will not be described here.

The total cross=section for resonant absorption is a nuclear con-

stant, so that the individual hyperfine lines are proportionately
v‘veakcr thanin an unsplit resonance line. This unfortunately neces-
s‘l.tates a longer counting time to resolve the extra detail. In this
discussion the absorption intensity has been considered for a single
nucleus, bl{t it is also important to consider the effects of finite
absorber thickness (see p.11—12). The effective thickness of the
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absorber T, = n,00f, is now multiplied by the fractiona] line inten-
sity for each component C%9(J, m), with the result that saturation
of the absorption intensity occurs more quickly for the more in-
tense resonance lines. This is seen as a dependence of the relative
line intensities on increasing thickness which tends to decrease
any asymmetry. In addition, the more intense lines have a larger
linewidth due to the thickness broadening effect. Because of this,
a quadrupole doublet spectrum of for example a single crystal
with the direction of observation parallel to V., will show a line
intensity ratio much less than 1:3. :

An additional complication which also affects the intensities
appreciably is polarization of the incident y-ray beam as it pro-
gresses through the crystal [12]. For these reasons, unless itis
proposed to attempt a somewhat difficult thickness correction, it
is necessary to obtain relative intensity data from very thin ab-
sorbers. However, the possibility of underestimation of any asym-
metry should always be borne in mind. ; i

There are two other important influences on relative line inten-
sities which are of particular importance in powders. If the com-
pacted polycrystalline powder has a tendency towards partial

“orientation (texture), then the values of ©(J, 7) do not average to

unity, and there is some residual asymmetry in the spectrum which
is angular dependent. This effect can be quite large, and exceed-
ingly difficult to eliminate in fibrous or platelike materials. A
second effect which is similar in many ways is the Goldanskii-
Karyagin effect;in which anisotropy of the recoilless fraction
results in an asymmetry which is not angular dependent but is
usually small. This is discussed in more detail in Chapter 6. In
many instances deviations from the 1:1 line intensity ratio in a

3 = £ quadrupole doublet have been attributed to the Goldanskii-
Karyagin effect without convincing proof that there was no
residual texture in the sample.
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