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FOREWORD

The lectures on which these notes are based were given at the
"dentro Brasileiro de Pesquisas Fisicag" during two months of the
winter of 196s5.

They were intended for an audience most of whom already had
some familiarity with the use of the Mossbauer effact. No attempt
was made to provide eithgr & detalled introduction to the field er
& comprehensive survey of applications. In faet the choice of
subject matter was somewhat arbitrary, some impertant topics such
as relaxation effects in paramegnetics being dlismissed rather
briefly. The content of the lectures wasg influenced partly by the
eurrent research programme at the "Centre" and partly by the recent

interests of the Mossbauer group at Manchester.

I would to thank the staff of the "Centre" for their hospitalit&
during this perfod and alse to acknowledge the assistance of the
British Councll who made this visit possible by assuming responsi-
bility for the travelling expenses involved.

September 1965
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EFFECT ON OBSERVED MOSSBAUER SPECTRUM OF SOURCE AND ABSORBER THICK-
NESS.

For a thin source the normalized energy distribution of recei]
less radiation from an assembly of nuclei in an excited state of
mean life hW2w[ 1is r aE
W(E)E = — =
ar (E-E, ) + EE

Radiation of energy Ej in going. threugh an absorber of thiek-

ness s, will he attenuated by a factor exp ‘{- ns o (E)} where n

is the number of absorbing nuclei of eross séction o per unit

volume.
| | . r2- o r
We also have (Heitler, 1949) o (E) = T % > =z vhere
o, 1s the cross section at resonance (E-Eg) and. (I_E"E ) vy
. T +1 v
£ 1s the racollless fraction. '% = 2#.12 2;94_.1 -I:;- where Ie and
4

I are the spin of the nucleus in 1ts excited and ground states
and I;. is the partial width feor decay by radiation. (If internal
conversion 1s the only competing process, then [ /[ =1/(1+«)
where « 1s the internal conversion coefficient).

Suppese that a thin layer dS of the source material gives,
in the absence of absorptieon, an intensity of recoilless radia-
tien at the counter of |

| al =m f_ ds .

Then if the source alse containg absorbing nuclei, the energy
distribution of the radiation will be altered and the intensity
of recoilless radiation will be



= | a ]
rfs T m ds? axp[n% s " 'SA{(E-EO)Z + |'2/4}:,
0

{(E-Eo)_ + [%/4]

This 1s easlly integrated: >
1 - exp E‘“"'a t, 8 I /4{(E-Eo)2+ r2/4}]
I(E) = 2m (2)
mno, [

‘This reduces to a Lorentzian similar to (1) for small s.

For large s, numerical calculation shows that (2) can be re-
presented quite well by a Lorentzian with an increased width [;.
(6.g. Margulies and Ehrman (1961) or Shirley, Kaplan and Axel

(1961)).

Writlng ¢, = n g, s f_, the intensity at maximum absorption
is

HE) = 2 [yt (i
° T rts s{ ° } 3

o« Total (integrated) intensity of source

-y 1t it
~tg/2 s 8
A= HEME = A, (e785) T (—}1 7, [—
2 2
0 : .
where A, = ms £ (Integrated intensity in absence of absorption).
Writing
§=a/a, (4)
§1s

we see that the apparent recollless fraction becomes m—)
8 s
which 13 mlways less than fs. -



A Torentzian whose height and area are given by (3) and (4)
must have a width F; given by
[s § by

r 1 -e"ts

This effect is important

in Snllg, for example, since
the method of source prepara-
tion is such that there‘ is
always some Snllg in its

ground state present. This

limits the useable source

thickness.,

te

Other causes of broadening such as variations_ln the environ-
ments in ihich the source nueclei find themselves will generally
not affeect the area under the emission spectrum. Therefore if we
 can approximate the actual spactrum a Lorentzian of increased
width, the above discussion still holds except that we must use a

correspondingly decreased value for Ty

We now require to know the intensity transmitted through an
absorber of thickness d moving at a velocity v relative to the

[}

source.
The number of recoilless < -quanta is reduced by a factor

o
T(v) = IH(E) exp {- ndo (E')} dE where Et = E (1 + %)
0 .

and W(E) 1s now the actual energy distribution of radiation from



the source (including any broadening) but st11l normalized to 1.

Since the entire contribution: to the. integral comes from va-
luez of E close to B, we can extebd the integration to - oo y shift

she origin to E,, and replace B (1 + -E-) by"('E'-!-% Eo).’

Zr; c 1 .l;a ta
T(") = moe— axp dE ... (5)
RS R B (S S

vhere l; 1s a fictitions width including any broaderiing of the
absorber line, and ;t'a =nd o, fza*

This gives the shape of the velocity spectrum but cannot be
evaluated explicitly.

A number of special cases gére of interest,
Ir [, =T,

T(v') is given by an infinite series of Bessel functions as

shown by Ruby and Hicks (1961).

it

For v = 0, Tﬂin = e-bé/a J'e_("":.-'- exactly.,

But so far we have_ conslidered 6n1y the recoilless part of the
radiation from the source so we should introduce a factor ﬁrs to
get the actual decrease in counting tate due to the absorber, where
3 takes account of the bac}:ground' 'co.nntin’g"rate (1.e. fraction of
counting rate with no absorber which is due to background 1s 1-p).

. 1,
o ae ~ta/2 a
Thus T, =1 -1, {1-q . J‘o(-g—)

For t, small (i.e. less than 1) 1L is a reasonable approxinma-
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tion to ignore the Bessel function, and for very small t. ’Tmin

r, t
=1 = —%—9- . For large values of t, (up to about 10) the error
resulting from putting the Bessel function equal to unity is of

the order of 25% or less.

1 [; # [, it is more useful to consider the absorption

intagral, .
o ' w (]
S =N f’J‘dv‘ IJ-J"W(E) exp{- na o(E')} ae

‘where N 1s the counting rate at very large values of v.

oo
This can be written (remembering that J W(E)E = 1)

-00 .
(o0 2
J. W(E) rar — - . dv
e\ :
o +(E+ ALENY
The second integral is inciopen'dent of B
00 rZ t
t.os=NBf'J l -~ av .
' Z
2 (m T EQ
This can be integrated exactly:
LEM-IFR |
2 Eo

. .
wvhere the factor — converts S tp velocity units and

E

K(t)ﬂte't/z{ ( -1,1( )}



Note that we now no longer need to know the form of W(E).
For small t,
SN [, mn o,Ba £, f, ¢/2 E,
30 we cannot find ¢ s and f, separately using a thin absorber.

However we can find fa by using absorbers of different thick-
ness and choosing the value of O, T, which gives best agreement

vith expression (6). To eliminate O, ve must also measure o .

K(t) can be expanded to give
K(t) = £(1~0.250 t + 0.0625 t° + vovvvenenennss)

Returning to expression (5). -If the absorber is thin we obtain

the approximation | _
oG+ 1)

422 2
SE 2 (e

™v) =st <1 _-.ta

e

Thus the absorption spectrum will have the form of a Lorentzian
vith a width equal to ([, + l;).

In the speclal case [ = rs numerical integration of (5) shows
that, to a good approximation, the absorption spectrum will have the

form of a Lorentzian of width;

M=2[, (1+0.135 t_) for 0<t, (5
or ' -

= - 2
=2, (1+0.145 t, ~ 0.0025 ty) for 4<{t, <10,

Having found f,  we still require to measure [y and Bfg-



This can be done by using the following method due to .C,.
Edwards.

Suppose that we fix a second absorber to the source so that
they move together, and let the dimensionless thickness of this
absorber be tz.

Then the recoilless intensity is reduced from NBf_ to .

NBfr_ J(t,y A) where '
Bfy 2? v . -t

'thkjwm)uy
) 1+4 (E - E, )a/['Z

where A represents a possible energy difference between the

resonances of source and absorber (isomer shift).

Then decrease in total counting rate is from N to

| {1 - B, +Bry Ity A)}
How use this modified source to measure absorption integral 8

of another absorbder, ty. Then

5(t)) (85 A)

81(%y) =
1 -ﬁr +far J(ts A}]

Define E(t,, A) = ﬁrs{l- J(tZ:A)} .
We can solve these Z equations for (3f, since we know
N Br, C P

2 EBo

8(t,) = K(t;)



st 2% {8t -sepfi-ecy;, o]}

NN
K(t,) erc o 8(E) Ety, A)

E(ta,'A) 1s just the depth of the absorption spectrum
produced by relative motion of séburce and absorber t, and can be
measured. Hence we know [_ and ﬂr « This assumes that the

absorber is Lorentzian.

We have throughout ﬁeglectéd.atomlc absorption. This is
usually justified, but in cases where the rocoilless fraction is
 small and the absorber is dilute (i.e, only a small proportion of
the atoms in the absorber are of the resonant isotope), non-reso-
nant absorption may be important, not only on account of the
reduction in counting rate but,'nore important, if'higher energy
radiation makes an important contribution to the background the
latter will be increased relative to the resomant radiation.
vill then yary with absorber thickness and it will be necessary
to estimate the background correction from the pulse~height spec-

trum of the counter for each absorber used.

4 method of determining f, which avolds this difficulty has
been deskribed by Heberle (1964). He used & very thick seéond
absorber as a "shutter™ which could be opened by moving it rapidly.
Then, since witﬁ this arrangement the difference in the counting
rates with the shutter open and closed will be due to the recoil-
less part of the radiation only, a ploi of this difference against
the velocity of a thin absorber will be a true a absorption curve
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for recoilless radiation and will depend on the properties of the
absorber only.

A difficulty of the same sort frequently arises in experiments
involving the use of the resonant nucleus as the éolute in a dilute
alloy since the relative background in the counter can be greatly
increased as a result of photoelectric absorption in the thick
absorbers which are then necessary. In such cases it is usuvally
preferable to use the alloy as the - source rather than as the
absorber if possible, since if & split source is used with a
single-line abgorber, only one of the source lines will be absorber
at any particular velocity and all the others will be off the
resonance. If a single line source is used, the whole emission
spectrum will be in resonance with each of the absorption lines in

turn.

GOMPARTSON OF SCATTERING AND ABSORPTION METHODS

Most of the work dornie so Tar in the Mossbauer effect has used simple
absorption geometry.
This is the most versatile arrangement, but there are other pos

sibilities which may have certain advantageS'invspecialicases.‘Wecan

&) Count re-radiated photons.
b) Count internal conversion electrons.
¢) Count X-rays following internal conversion.

d) Use a combination of one of the above with absorption.

In order to compare the relative merits of those methods it is

instructive to make a rough estimate of the statistical accuraey
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of a measurement of the Mossbauer effect involving the use of a

given source and lasting for a given time.

Suppose that in an absépption experiment we couht for 1long
nourh to accumulate N counts away from resonance and (1~ A) N a.
re.onance. Then if we subtract the number of counts at each
velocity from N, we get a curve representing the number of

photons absorbed.

‘The height of this peak
will be AN and the statistical _ an o AfN

error on each point +.§ (1f
A is gmall). (Actually this

——l

underestimates the error since N is also uncertain),

Note that the fraction (1-A4) includes not only non-recoil~
less radiation from the source and that part of the recoilless
radiation which falls to be absorber, but also any background
radiation such as Y-rays of other energy, X-rays from the source
or from the absorber or even resonantly scattered radiation from
the apsorber (if the counter 1s placed too close to it). Some of
the;e contributions to the background can be minimised by care in
the design of the apparatus (e.g. use of critical absorbers in
sultable cases to remove X-rays, use of a counter with adequate

energy resolution ete.).
Now consider the method (a).

The number of resonant scattering events from the same target

In the same time will bei AR/(1+ o) where « is the internal convep
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slon coefficient. So if the counter subtends a solid angle Q at

the scatterer the number of counts recorded will be, after correg

tion for background, . |
QAN QAR

+
47 (1+ax) ~ ar (1+ )

+ B (7)

wvhere B 1s the number of background counts (i.e. the number of
counts obtained at a very high velocity). It is due to direct
radiation from the source, Rayleigh acattoring and X-rays from
the target and its holder etc. Again 1t can be minimised by
carefn1r§esign. (The error in this case too is an underestimate
since It. has ©been assumed that the background counting rate is

known exactly.

Comparing the accuracies of the absorption and scattering

results ve find that the latter have a lower fractional error 1if

: A 4wB(1+a)
Aar(l+a) < = +

{1 _ (8)
¥ o2

A smal) value of B requires good shielding and so makes 1t
difficul to get a large solid angle.

For example, if we take /4w = .04 and ignore B, scattering
will be preferabls to absorption only if A( 1+x) < 1/25.-

One must also take account of practical considerations such
as the arrangements for cooling the scatterer (this will almost
certainly be necessary In any case in which the recollless frac~-

tion is small enough for'acatfering to be sofiously considered).
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These will usually be more difficult in the case of scattering ang
will tend to make it harder to obtain a large solid angle and low

background.

Nevertheless in some cases, particularly of high energy trans}
tizns (100 KeV or more), scattering may be the only way in which the
¥ossbauer effect can be observed. (See, for example Morrison, Atac.,

De Brunner and Frauenfelder, (1984).

Of course, if a sﬁfficiently strong source is avallable, the
time required to obtain a glven statistical accuracy may no longer

be the most important consideration in one's choice of method.

The effect of absorber thickness on the shape of the spectirunm
willl be similar to that already considered for absorption in the
same scatterer. If the scatterer is thick we must allow for re-
ebsorption of the scattered radiation. We have ignored angular
correlations between incident and scattered photons, but this will
have to be_taken into account in intérpreting the relative fntensi-

ties of the components of complex spectra.

Turning now to the gecond method, we can make use of internal
conversion electrons in two ways. We can either use a very thin
absorber in conjunction with a [3-ray spectrometer to separate the
required line from a strong background, or we can go the opposite
extreme of sacrificing energy resolution in favour of obtaining a
large solid angle by putting the absorber directly in front ofy or

eyen inside the counter.

The first of these methods, owing to its low efficliency
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requires a good deal of care to keep down the background counting
rate due to direct radiation or to scattering into the counter of
electrons ejlected from the walls of the spectrometer by higher
epergy radiation. It has the advantage that it is relatively eagsy
tb cool the scatterer. A successful arrangement of this type has

baen described by Kankeleit (1961).

In the secohd method, the absorber is deposited on the inside
of the window of & counter or incorporated into a plastic scintil-
lator. It is of couise important that the counter should have a
iorf 1ow-§ff1ciency'f0r direct counting of 7Y-rays. If a gas-fil-
led ceﬁnfér'is'used, the maximum absorber thickness will be deter-
mined by the range of the eleetrons produced, but if the'absorher.
is incorporated into a scintillator it can be finely dispersed and
. the useable thickness will now depend on the transparency of the
mixture to light.

:.§1nce the factors affecting the efficlency of these methods
and the backgrbund counting rates will vary so much from cage to
case it 1s hardly worth whilé attempting t¢ make a direct compari-
gon with the absorption method, but we can see that factors favoup
ing'the-uﬁe of internal conversion are, &8 high conversion coeffi-
cienf, not too low an energy, and a background which consists
mainly of radiation of energy rather close to that of the resonant
T-Yay.

Cooling of the absorber is likely to be rather troublesome in

this case,
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mhe only cuiirvely gufcﬂaful apglications of this method so far

1.9

have been to &n where several groups have found that 1s more af-

ficient than abhsorption,

The method suffers from the limitation that it is not easy +to
cl.z.:ge¢ the absorber. However, if z counter of the type described
apove can be constructed, then since it is selectively sensitive to
recoli.less radiation, 1t can with advantage be used to replace the
counter in a straightférward absorption experiment. It is, of
ecourse, necessary in this case, to keep the source stationary and
mpve the absorber. By reducing the background sueh a detector can
greatly increase the apparent recollless fraction in an absorption
experiment. Tt has also been shown by Mitrofanov, Illarionova and
Shpinel (196%) that the widthof the absorption line 1is decreased, since
& regsonant detector is most sensitive to the centre of the emission
line.

In designing experiments of this type it is necessary to know
the range of the internal conversion electrons and the following

empirical expression due to Katz and Penfold is useful. The max imum

range in mg. cm’z of slectrons of energy E MeV in aluminium is given
by
R = 412 E°
where n=1.265 - 0.095 {n E

Finally we can count X-rays following internal conversion. The

 efficlency of this method will be similar to that of the scattering

method 1f lace 74— 1in (7) and (8) by <= where t fs the X
' we repiace T+a : Y 1+aw re X [ ] ~I"'ay
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fluorescence yleld. However, it may be difficult to obtain &2 low
background since the number of X-rays emitted by the source may
greatly exceed the number of resonmant v -rays, and fhese can
undergo Rayleigh scattering in the absorber, and in addition any
v~ray which is absorbed by the photoelectrie affect will also canae
the emission of an X~ray. X-ray production in the source by G~rays

can often be reduced by diluting the source material with some light

element such as graphite.

This method has been demonstrated in the case of Fe57 by
Frauenfelder et al (1961) but does not seem to have been applied to

any other cases.

A quite different method which has been used occasionaily to
reduce the effect of background in an absorption experiment consists
of the use of coincidence techniques to select those counting events
which are due to the proper transition. Although attractive at first
sight thls method usually results in a large decrease in counting
rate for the following reason. The solid angle .Ql, subtended at the
‘source by the counter observing the Mossbauer radiation has to be
small, as a result of the fact that the Doppler shift of the radia-
tion from a moving source is E T cos® vhere v cos@® 1s the compo-
nent of source velocity in the direction of the path of the photon
so that we cannot allow a large range of values of 0. Thus, since
‘the maximum coincidence effigiency will be proportional to 91 9.2
where {1, 13 the solid angle of the counter observing the coincident
transition, we must make 2 as large as possible. But the maximum

source strength will be that which gives such a counting rate 1in
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one of the counters that excessive loss of energy resolution
results, and this will now be determined by counter 2 not counter
l. Thus the maximum genuine coincidence rate will be less by a
factor of the order of %% as compared to a non-coincidence experi
menrt. In addition, the counting rate may be limited by the need
to avold random colncidences. The number of random coincidences per
second will be of the order of %ggéégéz where G 1s the genulne:
eolincidence rate and T the coinci%ense resolving time. For these
reasons the coincidence method has not been much used although ap
plicgtionshave been described by Bonchev et al (1963) and by Ho-
henemser (1965).

The use of semiconductor counters which combine high energy
resolution with a short pulse rise time may make this method more

attractive in the future.

PROBLEMS IN THE DESING OF MOSSBAUER SPECTROMETER

The basic apparatus regquired for the observation of the Moss-
bauver eff;ct will consist of Some means of producing a controlled
motion of the source (or absorber), a combination of a counter
together with a suitable amplifier and single channel analyzer
which one would like to have sufficient energy resclution to give
out put pulses only in response te photons originating from the
transition being studied, and some means of sorting and storing
the counts according to the relative velocity of source and absorber,

We will not consider here the use of comstant velocity drivegs
whose main advantage is the reiatively simple counting equipment
required since the same scalers can be used successively to measure

the counting rate at different velocities, nor the various purely
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mechanical devices such as screws camg etc. which can be used to
produce the required velocity. These have the advantage'that they
can easily be calibrated by direct neasurement, but it 1s usually

gimpler to use a known spectrum for calibration.

The most versatile system is undoubtedly the electromechanical
transdﬁcer or vibrator (loudspeakers are frequently used) which 1is
forced to follow a suitable reference waveform. The waveform most
frequently chogsen is one which causes the velocity to vary linearly
with time (i.e. a triangular v010city'waveform). At the usual fre-
quencies of a few cycles per second, this waveform‘will contain
significant harmonics at frequencies above the lowest resonance of
the vibrator. In addition, the restoring force of such a vibrator
1s unlikely to be a strictly linear function of position. It 1is
therefore necessary to use some form of 11neaf velocity to voltage
transducer mechanically coupled to the vibrator and to use negative
feadback to ensure that the induced voltage aceurately follows the
reference signal. This transducer will consist either of a coil
moving axially in a magnetic fleld or of a 1light permanent magnet
moving within a fixed coil. A second loundspeaker is often used for
the purpose. The condition for linearity is that the ends of the
coil should be situated in regions of equal fleld and this in turn
means that either the radial field should be uniform over a region
much longer than the coil or it should be confined to a region much
shorter than the coil. These conditions are not satisfied bi the
average loudspeaker whose usefulness 1s therefore confined to opera

tion at rather small amplitudes.
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The accuracy with whish the velocity will fullow the reference
signa) depends on the loop gain of the feedback system, and the
maximum loop gain which can be employed is determined by the frae-
quency response of the faedback loop. A brief outline will be
givin here of the principles on which such a system should be
designed. For further details one of the standard text books shouid
be consulted (e.g. Thomason. Linear Feedback Analysis).

The figure shows the usual
form of schematic diagram for a

feedback amplifier . SRR 1

The gain is given by
vout A :
= (9)

wvhere A3 1is chosen to be hegative at the middle of the pass band,

For large values of A} this reduces to - %' and this is still
true if.Aﬁ is complex and even if itg real part becomes positive
at certaln frequencies. This can be seen from the vector dlagram

which 1s drawn for real 8 and complex A.

The same description applies
to a system which is partly elec-~
trical and partly mechanical. In

the present case, the output is a

velocity and 3 represents the
velocity pick-up which is there-
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fore the only part of the system which needs to be strictly linear.

If we break the feedback loop at some point such as X, we can
measure the open loop gain Aﬁ as a function of frequency. We

define the logarithmic gain relative to some standard frequency Wg

JA(w)]
zo(w) = o,
IA(&5)| '

This measurement is sufficient to determine completely the

log

behaviour of the loop both when open and when closed (apart from

possible frequency dependence of f3 which we ignore here).

The phase shift introduced by any metwork 1s given in terms
of the magnitude of the transfer function (i.e. Ioutput/inputl) by

Bodets theorem: oo

2w x(wt )= alw)
Gw)y — dw? (20).

L ‘ (w')z _wZ
4)

The equality holds for cascaded networks of the simple "lad-
der" type. The inequality sign only applies to certain cases of

more compllcated netwoks such as bridges, which are best avoided.

If the loop contains a number of networks of known transfer
function conneeted in such a way, that they do not interact direct
1y, then the total logarithmic gain and phase shift will be simply
2 alw) and I @(w).

The transfer function of the closed loop may now be written
down, but examination of eq. (9) shows that so long as |AB|»1
both.the phase shift and the frequency dependence of gain will be
reduced relative to the Opén loop, but this is no longer true at



frequencies at which {AB] ~ 1.
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The form of eq. (9) leaves open the question of what happens

if the phase shift (relative to the required phase reversal at the
: »

mid-band frequency) reaches 1806,'30 that the feedback is in phase

with the input. The answer to this question was given by Nyguist

who showed that if we draw the locus of the point C on the vector

diagram on the previous page with frequency as a parameter the

system will be stable if the curve does not enclose the point D,

(For a d.c. coupled feedback loop the closed curve may be complet

ed by reflecting the curve in the real axis, which is

to extending the range of fregqueney to - m ).

Thus the two diagrams both represent
the open loop galns of systems which will
remain stable when the loop is closed., The
second one 1s sald to be conditionally
stable since a reduction of gain by a
constant factor will render it nunstable.
In such an eveht the amplifier will over-
load and the aﬂglysis which was based on
the assumption of linearity will break
down. The result is usually that it con-
tinuesqto oscillate even when the amplif)
er 1s restored to its original condition.
3ince such momentary overloading is almost
certain to occur at the moment of switch-

ing on, condltionally stable feedback

Sear?

equivalent

(llo)_
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systems are of mainly academis interest and we will not consider

them further.

The mogt general transient respvonse of a linear system (i.e.
Pt
response to an input of the form &(t) is of the form Aje 1%,

A2-9P2t+“.......... When Nyquist's condition is not satisfied,

at least one of the Pts In the solution for the closed loop has a
positive real part, and if we change the form of Afl as a function
of w so that the Kyquist criterion.is just satisfied, the real part
of P must pass through zero. ;t is therefore reasonable %o suppose
that if a feedback system 1s only.just stahle, its transient

response will contain a term of the form &~ % JBt

where o« 13 very
small. Tn other words, it will take a long time to recover from any
transient in the input waveform and this recovery will usﬁally have
the form of and oscillatory "ringing" at or near the frequency at
whiéh the Nyquist dlagram comes closest to the critical point. The
condition for a satisfactory transient response is thus similar to
the condition that the system should be stable with a wide.safety

margin.

A frequently used rule
of thumb is that the Nyquist
diagram should lie wholly

outside the region shown ///
, 2
¢haded in the figure. This 7

'

may be stated approximately

as follows. The phase shift
of the open loop shonld not
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exceed 150° at any frequency at which the magnitude of the loop

gain exceeds about 0.6,

From the form of eq. (10) it can be seen that 1f |A(w)| 1s
proportional to w® over a reasonable range of frequency, then
@(?) within that range will be constant and equal to nor/2. Thus
& congtant phase lag of 150° corresponds to a drop of the response

curve at a rate of about 10 db/octave.

The transfer function of the combination vibrator plus velo-
city pick-up will have the general form shown somewhat ideallized,
in the figure.

The slopes below and above
the fundamental ‘resonance wy 5
| are + 90% but at some frequency / \
W, there will be a second reso- )
nance due to the compliance of
the mechanfcal coupling between
the driving coil and the pick-

up coil (or magnet). Above this 1oy %
resonance the phase shift will % -
increase to 270°., In practiée i¢ y(w)
will be difficult to compensate (&
electrically for this resonance =90
and therefore W, represents the 18 -
frequency by which the loopgain .y

must have fallen to below unity.
Clearly it is desirable to make
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ué_as high as possible by using a light but rigid construction for
the moving part and placing the drive and pick-up as close together
as possible. A frequency of about 6 ke sec™l 1s not too difficult
to achieve. Secondly, in order to obtain a high loop gain at low’
frequencies the slope of the o v's log w curve should be as steep
as possible having regard to the stability.requirementso This means
that an additional phase lag of about 60° should be introduced
between wy andtuzu A fﬁrther phése lag may with advantage be
1§troduced below w,;, to allow an increase in the low.frequency'loep

gain.

In addition to these regonances there may be resonances
agsociated with standing waves 1n the dlaphragms used for
suspension. The effect of these will be to introduce an additional
phase lag in the region of the resonance. This may result in
instabllity or conditional stability. To avold such effects the
suspansion should be as simple as possible and may be lightly
damped by means of plastic foam. A phase advance network can also

be used to compensate roughly for the phase shift due to the reson-

ance. .
g 0 TNl L
-,0 -

A phase lag of 60° over a

widé frequency range 1is best

produced by combining a 90o T

phase lag
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wvith a serles of phase advance networks
staggered in frequency in such a way ag

to produce a more or less constant phase

shift of 30°. Final  adjustment will x|
e ¥ —m
‘usu:1ly have to be made by trial and er~ —

ror, the alm being always to obtain a

large low frequency loop gain together ﬁith a2 rapidly decaying
transient response. Examination of the arror signal (V in the
above diagram) provides a sensitive method of assessing the

performance cf the system.

A multichannel pulse height analyzer is usually employed for
the purpose of sorting and counting pulses from the single channel
analyzer (S.C.A.). The methods employed fall into two groups.

We can use the analyzer as a pulse height analyzer by making
the signal from the velocity pick-up modulate the output pulses
from the S.C.A. or,; more directly, by taking the velocity signal,
straight to the pulse stretcher of the multichannel analyzer -and
making the S.C.A. signal initiate the sorting operation.

In this method,; provided the modulator and analyzer operate
linearly, the channel number will be proportional to velocity
even if the velocity waveform departs from 1ts ideal shape. How-
ever only a triangular velocity waveform will cause equal times
to be spent in counting in all channels and therefore any
departure from this waveform will result in a distortion of the
spectrum. This effect can be avoided by using only half the
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available number of channels and counting simuitaneously in the
other half, pulses corresponding to some non-resonaht part of the
. 7=ray spectrum, using the same modulator. This secénd spectrum,
which should 1deally bhe flat, can be used to correct the Moss~
bauer gpectrum by taking the ratio of counting rates in the cor-
responding channels of the two halves.

The second method uses the analyzer in the "multiscaler moden
in which counting takes place in a selected channel which can be
changed to the next higher one by means of a clock pulse. Thus
if there are n channels we can make each channel correspond to a
particular veloecity if we adjust the clock frequency to exactly
. times the'vibrator frequency. This can be done by dividing the
clock fregquency by n, either in an external scaler or by using
the address scaler of the analyzer itself and taking the divided
signal and a timing signal from the reference waveform generator
to a phase comparitor whose output is nsed to correet the clock
frequene}. Alternatively the clock frequency can be fixed and a
square wvave of frequency n times lower used to produce the tri-
‘angular reference signal (by integration). One again the address

scaler can be used as the source of the sguare wave.

When this method is used, the counting times in all channels
will always be equal, but the velocity waveform now determines
the horizontal (velocity) scale which will only be linear for a
stricly triangular waveform. In this method higher counting rates
can be used since ih the pulse height analysis mode the dead time
of the analyzer is much longer than in the multiscaler mode. (It
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is algo dependent on chaﬁnel number in the former mode),

OQUTLINE OF THEORY OF THE M)SSBAUER EFFECT
The emission probability of a photon of energy E from a

singles fixed aucleus is
daE

W(E) dE = —
- T (BB )P+ [%/4

If the nucleus were free; the photon energy would be reduced
by an amount equal to.the kinetic energy of the recoiling nucleus
B%/2 2o

We nave to consider the effect of the fact that the nucleus
is bound in a erystal lattice and 1s thererore neither free nor
| rigidly {ix<d in space.

The kinctic energy T of a free particle 1is pZ/ZB. In the
presence of an electromagnetic field A(r), the momentum p must be

replaced by p %%

Then in the gauge V-A = 0, the interaction Hamiltonian {is

H = T-T, = -9-(A23+2—-EAZ
me

Since we are considering the interaction of a nucleon with
the field; the term in AZ, which glves Thompson scattering, 1is
small and will be neglected.

A can be expanded in plane waves of the fory

€ exp(iwt = 1 k-p)

where § 1s a unit polarization vector. eigt carries through and

can be ignored.
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Then if the position r_ of the

«'B nucleon can be written in
Ht =

terms of the position R and momentum P of the centre of mass

the Internal coordinates u, and p, we have for all the nucleons:
° ik (R+ uo)

= -—2 e =727« (prp ) g
me o

and

Since the anperturbed Hamiltonian can be separated into terms

involving R only and terms lnvolving internal coordinates only,

.-

Fealal
o

Hence the matrix elznments of H° will be like this:
CPelHrig > = - £ (0 jp.

~
i
Lo

L]

the wave funetion of the system is a s'mple product ¥(R) ¢(u ) Usoees ).
=17 =2

(i 2y Qo

o -i’},n{"r.“":N
AT
B =4

"ik‘R f ‘ -'j_k-a
Iy <*Pf}g- e = talo )
1y L 2 g.j}
Here “/R} ig one of a comols
¢lug! form a complate muu sar

P
v
L

(11)

sef Of lattice etates snd the
3¥?t¢

Hance we can Usz tUewe clsure projerty and each term in the
summatlion over « takes the form:

Celarly, = R I Cple™ Sale) (ple

-{1k.R
e -ik-ﬁ
e g (ple

9 O lB- €18,
N Y CH IR P <zp-f-_|; |

~-1ik-R

1%r>
In this equation, because the momentum of the photon is much
-ik-R

greater than the typical lattice momentum we expect that all the

matrix elements <§bf]a"ik-’5|¢n> will be of the same:order ~of
magnitude as <¢fle

|(P1> and similarly the matrix elements
<‘Pf|e-i£'gocl(f’ﬁ> will all be of the same order of magnitude ag
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<C¢ la Ha[w£> since the photon momentum is much smaller than
the typical momentum of a nucleon. Hence they can be taken out

of the summation and we can write:
D =D+ Epx - 2= (ople™EBa oy, e~ 1EE] q@; AL
- <¢f|,-i;:..3q|¢i> <¢f|,-ﬂ.r.-.li|q,1>§ <(pn|2q.§_| 7>
< > <¢ 12-l¥> <p>
<Hz> Z(tp ln §.|‘P1> P

i.e. the ratio of the rypical lattice momentum to the typical

nucleon momentum., This will be of the order of 10™° and hence we
can ignore (H;» . We therefore réturn'to.eq. (11) dropping the
first term. Thus the interaction Hamiltonian can be written as
e ™'E times the nuclear part where ¢~XE'B arrects only the centre

of mass coordinates of the wave function.

Thus for emission:
- K1le™tEB )2

i dE
W(E)dE = =—— > " p
- 1 2, r2
1,f (E-EO"‘ cf-ej_) + r /4
where P1 1s the relative probablility of the initial lattice state{
and in the denominator the term representing the change in internal
energy of the nucleus is now (E+er -ei) instead of E, where €p =
- 61 is the energy given to the lattice.
We cannot sum over the initial and final states while the lat-
tice energies are in the denominator and we therefore use the fol=-

lowing ldentity.
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a-l-bz 28 ‘a+ ib a-1ib

h

oo
J o—(8+ib)t/n dt + 1‘, J o—(8=-1D)t/h 4,
0 0

1
n
+00
- ije-ibt/h geltim 4

-0

+m
1 .
S W(EYs— 5 P1<1|e'“—=-3-1f><r|e1¥--1‘-|1>J" o~ L(E=Eg +epmey t/h
2mh i.f '

? =00

o=l It1/720 4,

This is independent of the origin of time. We replace t by
t=-t,. We also use the fact that if # is the crystal Hamiltonian,

then _
eiﬂt/hln> = ¢ifn t/hln >
+00

it it
o W(E) = 1 g J o[ ltl/2n e-1(3-}:.0)1:/11(.1le“"‘n o-1k-R 7 T@
2mh 4 .p
’ =00
ikt g 4

x(f|le N LB, N li>

The operators in the matrix elements In this equation define
the Heisenberg position operators r{t).

o If the equation is written in terms of r(0) and r(t), the
erystal energies no longer appear in the denominator and since the

final states‘ form a complete set we can sum by clogure:
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1 +00 Clt i(E-Eo)t
W(E)=—Jdte ch o W <,-ih-r.<0>,il<.-z(t>>r (12)
2rh
=00

where (e ~ikz(0) 1k (t)> denotes the average expectation value of

the enclosed operator at temperature T,

i.e. §P1<1|......|1>

This expression is quite general, The Mossbauer effect arises
28 & result of the properties of the expectation value. Note that
if the latter 1s 1independent of time then the above exprehsion is
just the Fourier 1ntegra1 corresponding to a Lorentzian of width [

centred on E = Eo'

Let us define functions F(ky t) and G4(rs t) such that

{ o~1k-£(0) eig-r.(t))T = F (k, t) = |ag olkL G (xy t) (13)

i.e. G_(rs, t) 13 the Fourier transform of F (k> t).

F!;|
t -
" 2m h T e
~00

If we interpret I as a classical coordinate, we can attach a
simple physical meaning to Go(rs t), the self-correlation function.

We can write:

Jdk e KL (o-1k-r(0) 911:,-;-_(t)>T

G (;,t) =
’ (2x)3



32

1l

- K Jd_, p~iK L <31.1£«.1:(0) elk L' Spr-p(t) Dy

(2r) -

S P LR . 1 |
el J.d,l_g <e -z B-200) 1 Li8(p - ;(t))}T

(2r)> ¥

dre {8(x + £(0) - r1) 81 = z(£))) 4

G's(;’,t) gives the probabilit'y that a nucleus which was at
£(0) st time O will be at p(0) + r at time t.

We see that 1f the nucleus is fixed; r(t) = r(0) and G (r,t)=
= §(z-p(0)), so that

1 .
W(E) = — as expected,

2T (B-E,)%+ [Z/a

In general, if Ga(;,_t) becomes independent of time after a
certain time, then the integrals over r and t become independent
and the shape of W(E) will be a Lorentzian of width [  but reduced
in amplitude by a factor which will be small unless the time
required for G_(r,t) to become constant is much less than the |
nuclear lifetime h/[" and it is then confined to a reglon of dimen

gsions small compared to the wavelength 1/k.
..o -This gives the recoilless part of the emission spectrum.

Gs(;, t) will become independent of time as the correlation
between p(0) and r(t) disappears. '

The figure shows, qualitatively the behaviour of G (z st) and
Fs(_ls_,t). Gs(;;,t) is a §-function at t = O but broadens with time
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dus to lattice vibrations‘until, after a few vibration perlods, 1t
becomes independent of time ang
represents simply the probabily “\‘
ty distribution of the atom W o (n)
about {ts mean position.

At the same time F,(;,t)

decays from unity at t=0 to a

constant value., This ialuo.'_'can | —r
be taken outside the 'integral
in eq. (12) and 1s just the recoilless fraction.

The time dependent part will result in g broadened (and. in
general also shifted) energy spectrum as canp easily be seen by shp
Posing the time dependence  to _
be exponential and substituting

in eq. (12). (It will, of NERAL)
course, actually be much more AN
complicated).

At times large compared to }
the period of the lattice vibra ' 107 nee ¢

tions we can write

Fo(k,t) =sz ok fdz'(b(v.l:(m—;'))f (5(;‘.'-;(00)»1-

since the arguments of the & funetions will ne longer be codrrelated
at large times.
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. Fs(Kst) = Jdr' <ei§'£' = ilE.'Z.(O)>T <6(;' ~-r(oo ))>T

= <e-ili_-;:( 0)> . <eilc_-;(oo )>T .

: 2
which is therefore the recollless fraction, often written e-Zw_

Strictly, Gs(g, t) and Fs(g,t) never become completely
independent of time since after the initical broadening of
Gs(f_,t) due to the lattice vibrations it will continue to spread
at a much slower rate as a result of diffusion. This will be
specially marked in the case of a liquid. The consequences of
dirfugibn will be considered later.

What we have said so far applies, strictly, only to emission.
Scattering and absorption are more complicated since we cannot, in
principle, say which nucleus in the crystal is respon#ible. We
should therefore consider interference between the different
nuclei. (In the first chapter we assumed that the absorbing
nuclel could be regarded as acting completely independently and
we ;h&il see that this approximation is usually justified in
practice).

It can be shown that the cross section for scattering 1into a

s01id angle dQ 1is

e y }J-Z
= -—— ?12:2
4

2o {afelE In|u) (e lL’ Tuir
1, "M {(Et-E-ef-ei)-% 17} {(E!-E°+Ef-€M - ;Zl-ir'}

dadi: Ve J

where E is the energy of the centre of the incident line, Ei is the
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energy of the scattered_photon,_k and kt are. the corresponding
vave vectors, 7 and [ are the widths of the incident radiation
and of the scattering level, pu= %% :; £(0;9) where f(0,0)
describes the angular dependence of the nuclear matrix elements
-d 1s normalized to 47y and the sums over m and M are over all
“the reievant nuclei and over all the states of the lattice

respectively,

Starting from this éxpression we proceed by methods exactly
analogous to those used In the case of emission. The main steps
in the caleulation are outlined in the review article by Boyle

and Hall (1962). Baere we will only quote the results.

If we write r,(t) =R -Fgm(t) where R 1is the mean position

of the m th nveleunsy we obtain

dZG M l‘YITI v -@rﬂ(_-_gfmi)
e Pt|~— Iczr fdrl exp.
a9dEr 2rh® m,n h -
x<§ig.gm(O}e—ik,gn(r)>T<émign,Em(ojeikugn¢r+ti)>r
exp {1(k =I_:,'1‘(§m=-§n)} (15)

tion between the position operators g, and 1, disappears in a time
much shorter than h/| .

-As before, that part of the expectation values which i1a 'ine
dependent of time will give rige to recollless scattering.
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We wiil consider a few speclial cases.

If we take the time independent parts of both emctation
values in (15) we obtain the recoilless part of the scattering

(i.e. the scattering which we would observe using a resonant

detector): | S— o1~k )-(R - R.)
dzo' _ 1 }fa"“ m.
dQ4E Faa s 4 | {(E"E)z""%72}{(E'-Eo)2+i'rz}

(16)
The summation in the numerator over all pairs of resonant
nucleil is the familiar Bragg factor vhich 1s sharphy peaked in
certain directions. It is interesting to nbtice that if the
energy of the incident radlation 1s displaced from rescnance by
a few times (Y+[ ) the energy distribution of the scattered radia
tion has two peaks, one centred on E, and one on E,. These will

be of the same intensity if r= [ .

The total recollless scattering at a given angle is obtained
by integrating over Ei:

do  pf Gr+) o=tV ST e1(k-K')-(By-Ry) (17
aQ 4 man (E_E°)2+ i(’r_'_ r‘ )2

To obtain the total resonant scattering we must include the
case where only the first expectation value in (15) is time inde
pendent. This is the scattering which one would observe using a

non-resonant detector:
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‘e~ik'-up(0) tke.u (0N 1(k-k')-(R -R )
Ef=”r(7+r),'2":<e mi0) gkt up(0ly, Em=By

da 4 m,yit (E-EO)E'F% (,r+r )2

(18)
This expression reduces to (17) if the vibrations of all

atoms in the erystal are uncorrelated, but in general there will
be an additional term due to the short-range correlations of

u,(0) and u,(0), The peaks In the angular distribution will be
broadened by an amount depending on the range of this correlation.
This corresponds to the "thermal diffuse” component of X-ray scat

tering. .

The radiation in the peak centred on E in eq. (16) will be
coherent with the incident rediation as will be the radiation scat
tered by atomic electrons (Rayleigh scattering) We might there-‘
fore expect to smee interference effects between these two forms of
scattering. A formal analysis shows that this is indeed the case.
The effect of this Interference can be recognized due to the fact
that the phase of the resonant term changes by w.as one goes
through the resonance. The two forms of scattering interfere cong
tructively for E >E s destructively for E (E . The effect is
farther complicated by the different polarizations and structure

factors of the two forms of scattering.

The above calculations neglected the effect of internal convep
sion and of the fact that the resonant 1eot0pe may not be the only
one present, in which case only a- certain proportion of the sites

will contribute to the lattice sum in the case of resonant scatter
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ing. For these reasons, it 1s usually safe in simple absorption
éxperiments to treat the absorbing nuclei as if they acted in-
dependently, particularly if the absorber 1s polycrystalline.

The absorption process is then just the inverse of emission.

However, in sultably designed experiments it is quite pos-
sible to observe interference effects of the types outlined abo;e
and ‘the theoretical results have been confirmed experimentally by
Black et al (1964), who have also given a more detailed account
-of. the- theory.

Another interesting consegquence of the interference betweén
resonant scattering by different nuclei is the possibility of
. ebserving total reflection from the surface of the scatterer. This
effect has been studied by Bernstein and cﬁmpbell (1963) (See also
Bernstein and Newton 1965). o

" We will not consider Interference effects any further here.
We will regard absorption as simply the reverse of the emission
ﬁrocess'anﬂ'we will now return to eq. (12) in order to consider
thow the recoilless fraction is related to the propertiess of the

crystal lattice,
. oo i
1 L
w2 —— [ar e B GEERIVR (-0 texy
2rh '

—o0 (12)
It can be shown that this can be written in the form
- ® Cli .
oM |ay & 2P GL(E-Eo) T/h LE-£(0) k.-r(T))

2r h
' =00
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(Maradudin (1964)), where 2w = {(k _1;)2>= x° (xz> provided the 1zt
tlce forces are harmonic.,' Here x is the component of the mean
square vibrational amplitude in the direction of emission. By
éxpanding r(T) in terns of normal coordinates of the crystal,
substituting in oSE-2(0) K- (Y5 and plcking out the terms which
are time-independent it can be shown that e<E'Z(0) k2(¥) requces
- to unlty in the 1limit wheré the number of normal modes involved is

very large.

To calculate ZW, we can.either start with (xz).and proceed as

follows, or else use Van Hovers expression for G(r, t) fora.solid.

A simple Bravals lattice will have 3 N oscillators of frequen-

ey wys each of average energy (n )h“ﬁ where nJ is given by:

-~

o« That pa.rt of the energy of the crystal which is attrlbutable

Ry =

to the j oscillator is:
mwz <r2>= (n + l) huoj

vhere rJ is the contribution to the displacement of the atoms
due to the j oscillatoro

| Summation over J gives

A
S >-m4§

(3, +3)

“3
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Then if we introduce a density of vibrational states e(w) and
replace the 2 by an integral, we have putting (x2> = % <r2)

<x2>=_._..J % + £ dw . (19)
INM ha w
0 axp (i-B—f)-l

This allows us to calculate the Debye-Waller factor, e'Zw, in

terms of the vibrational spectrum of the lattice.

Alternatively, we can start from eq. (14) and use Van Hove'rs
expression for the general form of Gs(;;, t) for a solid. (Van Hove,
1954), Also Glauber, 1955).

_ - 2 B I
Gs(r, t) = {ng(t)} 3/2 exp{ Ag(t) } (20)

where for an isotropic monatomic cubic lattice,

> @
h 2t 2 2t | £(z)
g(t) = — l-cos — Jcothf~——]| - 1 sin — dsz
M h kBT h Z
0

where £(z) is the normalizea density of phonon states.

Substituting (20) into (14) and mtegra'ting over I one

obtains ' oo
_ £ _L _ 2
ey < L J-dt 0_1(3 Eo) § —g‘l . 2 x% g(t)
2rh
-

We have seen that the recoilless part of the emission is
glven by that part of the correlation functlon which is independent
" of time and this will be given by g(eo ).

So we obtain for the recoilless part:
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-‘h:z ) had Flt
Pt 3‘(,°° J-dt e].(E-Eo)-E - —A-FL

W (B) =
° 27h

- Q0

ka z £(z)
= J@-Oth _ - dz
2M 2 kB'T ]

a2

e W = %kz gloo) =

ed that 0
.[Mwazsn'
0 _
In order to proceed any fyrhter we must use .some modél to

give p(w).

In the: Debye model, plw) = 3

3h k2 1
ee M = I _-].n-p
, M 2 he \_ 4
exp(x ¥ )-

0.

3A hz kz | | x| ‘
M k Q. i'__"]. :
9D’ the Debye temperature is usua-l-ly- known from specific heat
measurements,
Tables® are avallable for the évaluation of (21). (A. H.
Miir.vAtomies International div. of N. American Avdation. Report
No AI 6699)." o
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In the limit of low temperature (112;5)

2
6

St
A

O‘-———’(B

eX-1

while in the high temperature 1imit (i.e. T>.J°D)

where Ep is the kinetic energy of a fresly recoiling atom;
n2xZ/2M.

All this applies strictly only to a monatomic lattice.

The presence of optical modes will usually Iincrease the
recoilleg; fraction for a given Debye 6, since they make an im-
portant contribution to the specific heat but, as a result of
thelr high frequency, they have rather little effect on the recoill

less fraction.

It‘ﬁas been shown by a number of authors thaet if the resonant
nucleus occurs as an Impurity, its effective © will be the same as
if all atoms in the crystal had the mass of the impurity but the
binding forces were those char@eteristic of the binding of the
imﬁurity in the actual crystal. (Vischer (1963)§' Maradudin (1964);
Disatnik, Fainstein and Lipkin (1965)). | 5 .

- In cases where the Debye approxinntion is not a good one, it
may still be convenient to represent the behaviour in terms of a
Qingle parametar Qn sven though it may be necessary to allow 1t
to vary with temperature. It ﬁight be possible to calculate ths
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phonon spectrum from the known structure of the crystal if we
knew the exact from of the interaction between the atoms. This
of course is not the case but we may be able to esfimate a

value of the cut-off frequency (corresponding to GM) from the
density of points in reciprocal space and the positions of the
Brillouin zon@s of the crystal. In this method we assume that
the velocity of longrwavelength phonons (which are the important
ones from our point of view) can be calenlated from macroscopical.
1y measured elastic constants. In this way 1t is possible to

derive an expression for GH.in terms of the elastic constants.

A erystal in which the forces were accurately harmonic
- would show no thermal expansion. It 1is therefore necessary to
allow eu.to vary with temperature on account of the change in
frequency of the normal modes which results from a change in

volume,

Only in a few cases has any attempt been made to compare
measured and calculated values of the Debyes~Waller factor over a
wide temperature rdhge; metallic Fe and Sn being probably the two

examples for which the most complete data are avallable,

For Fe the results agree with calculations from the Debys
model over a wide temperature range, but beglin to deviate at
temperatures of several hundred degreps. It seems that the ex-
periments need to be extended to still higher temperatures
(Baijal (1964)).

The case of Sn illultrates the care which is necessary in
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measurements of thils kind., The early work of Boyle, Bunbury,
Edwards and Hall (1961) on 50117 ghowed deviations from the De-
bye model which were explained in terms of anharmonicity of the
lattiece forces. This interpretation was found to be hard to -
reconcile with the conclusions of Feldman and Horton (1963) and
of De Wames and Lehman (1964) who determined the dispersien
curves for the Sn vibrational spectrum using the measured elastic
constants. As the Mossbauer measurements had been of the peak
absorption as a function of temperature and thus depended on the
assumption of congtant width for the absorption line, they were
reﬁeatad using the area under the absorption cnrvé as a measure
of the Debye-Waller factor. It was then found that the width is,
in fact, markedly temperature dependent-apd the new results,
after_cérrection for thermal expansion, are in reasonable agres-
ment wity those obtained by the elastic constant method. The
reason for the variation in width of the absorption line is not
understood and is still being investigated. |

.As has been pointed out, the Debye approximation cannot be
expected to describe the ﬁehaviour of alloys and compounds, and
only qualitative cOmparisons betﬁeen theofy an; experiment have
been possible. However, as has been pointed out by Goltdanskil
(1964), a comparison between the temperature variations of the
récdilless fractions of a Mossbauer nucléens in different environ
ments cén‘yield useful inforﬁation about the chemical binding.
An extreme examplé-haﬁ beeh described by the Jerusalem group

(Hazony and Hillman, (1965)) who found that the recolilless frac-
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tion of KrB3 in a clathrate dropped initially with Increasing
temperature but them becbme'almOSt constant above about. 140°K,
This behaviour is suggestive of a model in which the gas atom {s
trapped in a steep sided potential well, and is consistent with
the usual picture of a clathrate, although the recoilless frag
tion seems to change much more rapidly with temperature below

140%K than one would expect.

In a crystal of symmetry lower than cubic, the recoilless
fraction may well be anisotropic. This has been observed in g
number of cases and has some important consequences which will

be.described later.

It may a‘léo be mentioned that the temperature dependence of
the reiativisf‘.; energy shift (second order Doppler effect) can
also give information about the phonon spectrum of a solid. The
interpretation is complicated by the fact that a temperature-de
pendent isomer shift may also be present, However, it 'can some
times us‘e.fully be employed to supplement measurements of Debye-

Waller factor.

APPLICATION OF THE MOSSBAUER EFFECT TO THE STUDY OF DIFFUSION

It was mentioned sarlier that 1t is not atrictly correct to
regard the function G (r,t) as becoming time-independent at large
values of t, since the atom under consideration will continue to drift
avay from its initial position by a process of diffusion. It is of some
interest to consider whether the Mossbauer effect can be used to observe
this diffusion and this section will be devoted to a discussion of

some work recenily carried out at Manchester on this question.
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Examination of the expression for F in terms of G Eq.fi3)
shows that if G (r,t) widens with increasing t, then the fall-off
of F will be characterised by a time of the order of that taken
for Gs(;,t) to spread to a width 1/k. Hence for a nuclear 1ife-
time t,» we can expect to observe a broadening of the line  if
the diffusion coefficlent is of the order of 1/k° tye Fof Fe5”
this implies_a very viscous liquid.

Diffusion 1is generally through of as proceeding by tﬁo
mechanisms. First there is the continuous diffusion process cha-
racteristic of gases for which it is easily shown that the proba.-
.. bility distribution of a particle about its initial position is a

Gaussian function whose mean square width is proportional to time,

r2
1 - ————
1.6, GC0(p,t) = exp| 2a2(%) (22)
. - 8 2¢4413/2

L {Zwa (t)}

_where the mean square distance a®(t) = 2D,t, D, being the ordinary
diffusion coefficient.

The second mechanism requirés the diffusing particle to move
in discrete jumps between fixed lattice points. This is th§ me ~
chanism of diffusion in solids. We can present a mich simplified
pleture of this type of diffusion by supposing that an atom can
*Jump to any one of n surrounding sites and that it has a probabili
ty /T per unit time of making a jump. Then if P(r) is the

probability that the atom is at p, we have;

aP(r) 1
—_— = — P(r+ )= P(p)
el nrlg'{ r+4)- R(p))




47

where the summation 1s over the n available sites surrounding .

Then Gs(;,t) is just the solution of this equation with the
boundary condition Gs(£,0) = 8(r). ‘

If we use a trial solution of the form

630(,t) = (2r)73 J oTIE T o=t g (23)
we find that 1
1EY = =3 (1- o714
nY

If we now make the further approximation of assuming that all
“the avallable sites 1lie on a sphere of radius R (the mean inter-
atomic distance) we find,

_ 1 sin kR .
k)= {1- (24)
T kR :

fhe diffusion coefficient can be shown to be D, = RZ/67.

Diffusion in a liquid can be through of as involving a
combination of both these mechanisms; molecules jump between sites

which are themselves in the process of continuous diffusion.

There are two ﬁays in which we can study diffusion in a liquid.
The first is to use the Mossbauer effect as an analyzer to study
the broadening of a 7-ray line which has undergone non-resonant
coherent scattering in the liquid; and the second is to perform a
simple absorption experiment in which either the gource or the
absorber is incorporated into the liquid. We will consider the
latter method first,

The 1liquid used was supercooled glycerol which was chosen .

becaunse it has a relatively simple moleculé and has suitable values
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of diffusion coefficient over a convenient temperature range.
Enriched Feg7(804)3 was dissolved in the glycerol. It was sub-
sequently found that some of the Fe' 't had been accidentally
reduced to Fe'' but this proved to be no disadvantage since the
different quadrupole splittings (zero for Fe' ) and isomer
shifts allowed the two contributions to the spectrum to be

separated quite easily.

The relative absorption A(s) at a velocity .;.?. for a thin

absorber is 00 o
A(S)aJ‘H(E—S) a-a(E)dE
where, as before - 00 r;|t|
W(E) = = lq Jdt et o 2N
2w
~% it
l—Z 00 -
8 fot 2h
0 (B) = -~ ldt e e F_(k,t)
4 - 4
-0

<« If the Fourier transform of A(s) is A(t), then
-(Taﬂ‘ Nl
At)a e zh Fy(k»t)

Remembering that F_(k,t) = {o~1k-£(0) eni'r'-(t)>T, ve express
the position p(t) of a nucleus as the sum of two terms

r(t) = £'8) + pPee)

which are respectively the vibrational part of the displacement

and the diffusive part, and we assume that these are uncorrelated
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S Flot) = Plk,t) Fo(kyt) = oW FO(kst)

after a few vibration periods. So,

e il

Alt)oe 2h FB (k, t)

If we further assume that continuous and Jump diffusion are

uncorrplated, we can write FB = FED FgD. Then since Gs(g,t) is
the Fourier transform of F, (kst), eqts (22}, (23) and (24) give
us
-4 (- B ) L1 2end
Fo(kst) = e e (26)

Thus both types of diffusion lead to a broadened line which
s still Lorentzian, but the dependence on k is different.

If we t-ke the Fourier transform of the experimental absorp-
_(R*1y) 1Tl
tion line and divide it by e iﬁ (1.e. by the Fourier
transform of the unbroadened line, assumed to be that obtained ex-
perimentally with the.absorber at a low temperature) we are left
with Fﬂ(g, t) times an unknown constint, and a plet of the
logarithm of this quantity against t should be a straight line of

stope sin kR\ 1 aZ(t)
EYAET)

If we put R = 4 x 10°8 om for glyceroel and k = 5.3 x 108 em™1
(equivalent to 14.4 keV), then we find that even.when we take the
smallest possible value of v (i.e. T = R°/6D where D is the measuy
ed macroscopdc diffusion coefficlent) the first term in this ex-

pression 1s two orders of magnitude less than the experimentai va-
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lue of thls slope. We therefore assume that the broadening of
the abgorption line is entirely due to continuous diffusion.

bad Fed
k= a“(t)
f.e. In Fs(g,t) T - 2; " + const.

The figure shows the form
of the results for an

"absorber at o°c. Tt will 16

S

be seen that arter an .
initial rapid rise, bhoth  «{10°1 ,.z;l
:curves show a discontinu}
ity of slope at about 10 -8

sec angd thereafter ‘be-

come roughly parallel.
Presumably the slope at (2079 gec)
large values of .t cor-
regsponds to the macroscoplcally observed diffusion. The correspond
ing diffusion coefficient, given by Dc = aa(tjlat is about a
factor four times less than the measured value, which suggests
that at thls temperature jumps make a contribution to the dir-
fusion coefficlent about three times greatar'fh&n that due to the
continuous process. (Bunbury Elliott thi and Willlams (1963)).
Two gsuggestions have been put forward to account -for -the
initial rapid rise in a®. (Note that the time scale, 1070 sec.,
is several orders of magnitude longer than that of _the, decay
of correlations 1n.the vibrational motion).

The Fe ion is pfobably carried by & glycerol molecule, and
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the initial spreading of Gs(rgt) could be due to rotation of the
molecule. DNuclear magnetic resonance measurements on the protons
in glycerol at this temperature suggest that the time scale 1is
about right. |

The second explanation, due to Singwi and Robinson (1964)
postulates that the Fe ion 1s trapped in a shell of surrounding
glycerol molecules and that the broadening of the Mossbauer line
is due to a combination of d4iffusive motions of the ion within
the shell and of the shell itself.

Again; rough quantitative caleulations give agreement with

the experimental results.

The results at 0°C were chosen for detalled analysls because
this temperature represented the best compromise between the
conflicting requirements of a large broadening (high temperature)
and a large value of ey (low temperature). Results obtalned at
other teﬁferatures were in general agreement with those at 0°¢ but
with larger statistical errors. 7The maximum thickness of the
absofber was limited by photoelectric ébsorption and the consequent
increase in relative background counting rate. It is possible that
the measurements could be extended to higher temperatures If the
liquid were used as the source instead of as the absorber. It might
also be advantageous to use covalent fonorganic liquids rather

than Hydrogen bonded liquids such as glycerol.

It should, in principle be possible to observe diffusive
broadening of the Mossbauer line in a solid at a temperature suf-
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ficlently close to the melting point. However, we have seen that
rather a large diffusion coefficlent is required to give a detect .
able broadening in the case of jump diffusion. A repdrted observa
tion of diffusion in Sn near the melting point (Boyle Bunbury
Edwards and Hall (1961)) has now been shown to be in error (lLong-
worth and Packwood, (1965)); the observed effect being due to
premelting in the impure sample used.

The other method of observing diffusive broadening, using
the Mosshauer effect t0 analyse non-resonantly scattered radia-
tion, should in principle give rather more information since the
momentum transfer now depends on the scattering angle and hence
can be varied at will. However the experimental difficulties are
conslderable and extremely strong sources are needed to glve
results with sufficiently low statistical errors for useful

conclusions to be drawn from them,

It-will be remembered that the interaction Hamiltonian
between a charged particle and the electromagnetic field was,

] a8 2
Hr = —«— (A.p) + A
me om cZ

Previously the charged particle under consideration was a
nucleon and we were able tc neglect the second term, but as we
are now considering scattering by electrons (Rayleigh scattering)

the second term will be the dominant one,

If we now proceed in the same manner as before with this

exceptlon, we arrive at the following expression for the scatter-
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ing cross sections

00 1(BE-E_)t
2 2 o0 _ [lel :
do, o R Zh ~1k-rm(0) 1k rp(t)
= dt e e (e e >
ded®  HEA[" m,n
~00
vhere aa is a constant, [ 1is the width of the incident Lorentzian

line centred on E , E 1s the energy of the scattered radiation and
X is the momentum transferj K = k - k  where the magnitudés of k
and k, are the same. N is the number of scattering centres and

the éummation is over all pairs.

We define F(k,t) = % E (e"n—t'zm(.o_) eiE'_xm(t))

(which reduces to F (k,t) if m = n).
As before, we can write r as a sum of terms

r(t) = By + an(t) + () + uJ0(e)

Sm
where the terms are respectively the mean initial position, the
vibrational displacement and the displacements due to continuous

and jump diffusion.

Then in the approximation in which these terms are uncorre-
. lated, we can write F(K,t) (after a few vibration periods when
the correlations between u'(0) and ﬁv(t) w11l have dlsappeared)

asj

F(K,t)={%;:n <01§-(Bn“ﬁn)>} =M (enig-‘ECD(t))T <e_1§,u.m(t)>r

since we can put QPD(O) = Q;D(O) = 0 and take u"P(t) and w’l(t)

outside the summation.

The first factor is the Bragg factor F(K,0) and the last
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factcrs are FSD and ?gD
F(K,t) = F(K,0) ¢ F°D (x,t) FI(K,t)

Thus the diffusive breoadening of the scattered line also
depends on the self-correlation function.

The angular dependence of the Bragg factor for a liguid takes
the form of a broad ring at an angle of the order of A/R.

For ld.4 keV radiation scattered off glycerol, the maximum og
curs at about 12° and has a width of about 5°. This effectively
determines the range of angles which it is possible to use with a

source of given intensity.

Measurements were made as a function of angle at a temperature
of -12°C which again represents a compromise between broadening and
intensity of coherent scattering. The results were analyzed as

before and can be summasrized as follows.

Th; results could only bq followed out to times of abhout 10'8
sec with reasonable accuracy. Plots were made of -in Fg(K,t)
against k% for constant values of t. Then eq. (26) shows that
these should be straight lines at large values of K vhich shouid
allow one to find the continuous diffusion coefficient from their
slopes and the jump diffusion coefficient by extrapolating the
linear portion back to k=0. The results confirm that bhoth
continnous and jump diffusion must be taken into account, although
the actual values obtained, 0+ 2 x 1078 om® sec™t and

I° & 6 x 1077 en® sec™ are rather larger than the value of dif-
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fusion coefficlent calculated from the viscosity. In view of the
anomalous results observed in the absorption experiments at times

less than 1078 sec this 1s perhaps not too surprizing.

The source strength nsed in this experiment was 100 mC. The
useful solid angle was limited by the need for adequate angular
regolution to define K. The statistlical accuracy was limited by
the background of incoherently (non-recoillessly) scattered fadi;
tion which increased with increasing temperature. It has been
estimated that in order to analyse the shapes of the scattered
lines in as much detall as was done in the case of the absorption
éxperiments it would be necessary to increase the source strength
by at least another factor of ten, although the situation might
be eased considerably if a really satisfactory resonant counter

for 14,4 keV could be made.

Finally it is of interest to compare the type of information
given by these experiments with that obtained by neutron scatter-
ing. The wavelengths used in the two methods are of the same
order of magnitude (about 1078 cm) but the energy resolution of
neutron time-of=-flight methods is about 10™% eV which corresponds
to a time of about 107-2 sec., while the corresponding figures
for the Mossbauer effect in Fe®! are about 108 eV and 1078 sec.
Thus neutron scattering is suitable for the observation of much
higher rates of diffusion and has, in fact, been applied sucess-
fully to the study of liquid metals. Thus there is a large gap
between the ranges accessible to the two methods and it would
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seem to be desirable to make observations using wider as well as
narrower Mossbauer lines, However, as has been pointed out, the
practical difficulties are considerable even with Fesq. In pas-
sing we may note two other differences between fhe nentron  and
Mossbauer methods. Firstly, the neutron methdd applied to gly-
cercl detects the motion of individual protons rather than of the
molecule as a whole, and secondly &s & result of the short time
of observation it is probably not correct to ignore correlation
between diffusive and vibrational motion and the correlation fung
tion involved 1s not Gs(;,t) but G{(r,t) which does not contain
any restriction as to the identity of the particles whose posi-
tions are observed at times O and t. |

A rather fuller account of the theory of diffusive broaden-
ing of a Mssbaner line will be found in the paper by Singwl and
Sjblander (1960).

THE ISOMER SHIFT
In the interaction of a nucleus with the static electric and

magnetic fields due to its surrounding, only three terms are of
importance. These are the monopole interaction with the charge
density at the position of the nucleus, the interaction between
the nuclear.magnetic dipole moment and the magnet1c field in which
it 1s situated, and the interaction between the electriec quadrupole
moment of the nucleus and the applied electric field gradient. In
this section we consider the first of these, which gives rise to

the effect known as the isomer shift (by analogy with the 1isotope
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shift in optical spectrocopy).

If we suppose that the nucleus is replaced by an equivalent
spherical charge distribution of radius R theh»the-difference_of
electrostatic potential due to the nucleus from that which would
result from a point nucleus of the same charge is

i R
% \dr _ 2 1 2
r -
AV(r) = Ze J. ( 1 - ;{ )—rz = -. ze(-—zn - — -. —-233) s for r{R

. 4 : - r ¥

0, for r >R

AV(r) |

Then that part of the total energy of the atom which iz due
to the finite extension of ‘the nucleus 15'"'

| BE = [paAv(r)dav
whére p=- elq"(O)Iz, the charge density at the position of the
nucleus due to the surrounding electrons..
S, 8E = 4nze® ‘lji rZI‘P(Ole(}- -'-]-: - Ef—) dr =
0 ZR T Sp3/
ZRZ

NG

If we have two state_s of the nuclle_us with different R
- or
= e 222 Mwtatie (e .
8E,, - sEg = Ze“ 190} __ G{ex - R§>

This can, of course, not be measured, but we can measure the

change in this difference when we change [$(0)]%.

Thus ,
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8 = -25-"- ze° {Iﬂal(on"- - It:»z(o)!"-}{nfx - ng} =

Ar SR
= = z,ZRZ(-;){wlwna - py(0312} .

So we can make relative measurements by using a particular
substance as a standard (e.g. &8s absorber), and then observing

relative shifts in other absorber using the same source.

This simple classical treatment ignores certain relativistie
corrections and also the distortion of the wave function by the
field of the nucleus.

The problem has been considered by Bodmer (1961) who found
that
]

anw RH "

2p
s - X -
A 2
a{l' (Fp)} aZ. - § (1-p) z(1+o.106q2z3+...)('3>

(27)
8R
X {wl(O)la - WZ(O)I‘E} RZP (-;)

where RH is the Rydberg constant, oy is the Bohr radius of Hydro=
gen, o is the fine structure constant, p = (1-z2a2)* and $(0) ia
the non-relativiatic wave function at the origin. R 1s now the

aZ = & (14p) 2(140.1066%2%+...)

radiug ‘of the eguivalent uniform charge distridbution. (The shift
actually depends on the (Zp)th moment of the nuclear charge).

Thus we oan write, in terms of velooity units:
o 4R 2 2
bv = — #(2) — {19,005 - W,(03|2]

o
Shirley (1964) has given a table which can be used in caloula
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ing F(2).
In the non-relativistic approximation, only s electrons
contribute to the charge density at the nucleus, but a relativig

tic calculation shows that in high=Z atoms, there can he an ap-

preciable contributlion from 2 electrons also.

The s electron density at thé nucleus will be affected by
mztual shielding of the electrons. Thus the outer s electrons
can shield inner closed‘s shells from the nucleus and ns elec~-
trons can themselves be shielded by other ns electrons and also
by valence electrons in other sub shellso. Thus if the occupaney
of one of the subshells chahges it is neceésary to consider the
effect on the charge density at the nucleus, of the change in the

gscreening of all the other s electrons.

The usual methods for evaluating I¢s(03|2 make use of the
Fermi Segre formula Goudsmit (1933):s

bad
2 Z Zeff de
Wpg(ON? = ——x {1 - —
n
T ap ng

where zeff is the effective charge felt by the electron (usually
taken; before correction for screening, as 1+m where m is the

chﬁrge on the atom or ion}, n, is the effective quantum number =
= n=-0 where ¢ is the quantum defect. All these parameters can

be found by vptical spectroscopy.

In some cases information about the value of ¢hs(0) can be

obtained by other means. For example; the hyperfine splitting



60

of an electronic 3 level can be observed spectroscoplecally and
depends on the overlap of the magnetic dipole moment distribu-
tions of the electron and of the nucleuns. This '~ leads to the

expression:

|‘Pns(0)|2 z 2.54 X 1026 {ans/K(Z) gI} em™>

where a__ 1s the experimental hyperfine splitting in en™t, R(2Z)
is a correction factor which varies from 1 for low Z to 2 for'
high Z and gy is the nuclear moment in nuclear magnetons. (Kop~-
ferman (1958).

Crawford and Shawlow (1949) have shown how to calculate the
sereening constants. The essentials of their method will be
described with reference to the example of Sn119v

An increase in the number of electrons in the 5s sh§11 will
have the effect of reducing the field felt by the other s shells
since part of their wave functions lie outside part of the wave
function of the 5s electron, and hence the effective charge for

the ns electrons will be reduced by an amount p given by
o Ty

p = [?is(rl) J ¢Z (r) ar ary

where @ﬁs is the radial density distribution of the ns electron.
The value of p can be calculuted using Hartree wave functions.
Then, since o is a slowly varying quantity, the Fermi-Segré

formula will give:
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2 a2 .2 . 2
Al g (03« AT e Zors =(Zepp= P17 5y
2,2 2 Z oo
1¥pg(0)] Zers et eff

where zeff is the apropriate value for the ns shell. Hartree wave
“ |¥ng(0)|2

19sg(0)]2
change in ns electron density in un?%s of I¢53(0)|2,

» 50 that we now have the

functions are then used to give

If the number of S5p electrons 1s different in the two absorbers
being compared, it will be necessary to calculate the screening by
5p electrons in the same way. The mutnal shiglding of the 55 elec-
trons 1s taken into account by assuming thﬁt, since half the. wére
function of each lies inside that of the other, each contributes 1/2
to thé effective charge seen by the other. The apropriate value of

n, is calculated from the ilonization potentials.,

In the original caleulation of SR by Boyle Bunbury and Edvards
(1962) 1t was assumed that the most lonic stannic and stannous
compounds (Sn F, and Sn Cl,) are completely ionic and so have the
conflgurations 4a® and 4d10532. The caleulation is rather simple
in this case since the two differ by just two ss-electrons. The
-Yotal screening correction summed over all electrons 15 then equi-
valent to 0.23 of a Ss electron. So the total electron density aif
ference at the nucleus Qhould be 1o54|¢53(0)|§°S where |¢53(0)|§.8.
is given by the Fermi Segre formula as 1.6 x 1020 em™. Bq. (27)
tﬁen gives %? = (1.2 * .14) x 10*4 when the experimental~;somer
" shift of 5.2 mm see.™ 1s inserted. This figure is almost certain
ly too small sincg Sn F4 and Sn Cl2 are not fully‘ionic. There is

some'disagreement about the correet form of the relation between "
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electronegativity and bond lonicity. Shirley (1964) bases his
SR

estimate of 5 upon the isomer shift between Sn F, andcg-Sn(535p3)
assuming Sn F, to be 85¢ lonic. The result obtalned was 1.16 x
10™% but again this is likely to be too small since no allowance
was made for shielding by the 5p electrons in w=-Sn. However, Gold?
danskli has recently come to the conclusion that the ionicity of
Sn F'4 is not more than 40%. Thip means that all the Sn Halides
muet be corrected for shielding by S5p electrons. Taking this into
account, Bersuker Goldtdanskii and Hhkarov (1965). Also Goldrans-~
kil and Makarov (1965) have recalculated the s-electfon densities
for the alkall halides. They find that, contrary to expectation,
the density at the nucleus increases as one proceeds in the direc-.
tion of increasing bond loniclty. This requires that %? must be
negative; in other words the radlus of the nuclear charge distriby
tion 1s greater in the ground state than in the excited state.
These calculations have not yet been extended to compounds other
than the stannic halides and tetrahedral Sn (grey Sn) and Goltdang
kii et al have only been able to place a limit on -G-RB 3 %(-1.6 x
x 10"4. Clearly the situatlion 1s still rather unsatisfactory. It
is possible that a measurement of the shift of the Sn119 line ag |
a function of pressure might be the best way of obtaining an un-

ambiguous answer.

In spite of the uncertainty in the absolute calibration of
the scale of s-electron density versus 1somer shift, much useful
information can be derived from measurements of relative shifts

in different compounds. Measurements have been made in a large
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number of Sn compounds inciuding many organic compounds. The inter
pretation of these results will not be consldered here. They have

been discussed by Golrtdanskii (1963 and 1984).

An attempt to predict the value of %? on the unified model as
modified by Kigslinger and Sorensen to take account of pairing
forces between the nucleons has been described by Boyle Bunbury
and Edwards (1962). PFor this purpose it was assumed that the
observed change in effective éharge radius is due to a change i{n
deformation without change of volume. The predicted value is
about 1.0 x 10™%, It seems that it would be rather difficult to
explain a negative value. )

The isomer shift of Fb57 has been even more extensively

studied. The free atom has the configuration 366 432 and the di-

valent and trivalent ions are usually taken to be 34
which differ only by a 3d electron. Gol'danskii {1964) quotes

some evidence based .on the fine structure of X-ray absorption

edges that the actual configurations are different from these
quoted. However the arguments used are rather indireect and there

is a good deal of evidence to support the usual interpretation). It
is again assumed that the most ionic compounds are completelyionic._
The isomer shift 1s then due to the change in screening of the fil-
led 3s shell by the 3d electron. The calculation proceeds as
described above and leads to a value of %? for Fe2’ of --1.8x:10"3.

(Walker Wertheim and Jaccarino (1961)).

Isomer shift measurements have been made on a number of other
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elements, but only in the cases of Eu, I and Au have they been at
all systematic.

Iodine is interesting because it is one of the very few non-
metals which can be used in Mossbauer studiles. Hafemeister De Pag
quali and De Waard (1964) measured the isomer shift in all the al-

kall iodldes and also in several iodates and periodates.

NMR chemical shift ¢ata give the number of holes in the p
shell. This varies from~0 for KI to~. 15 for LiF and CsI . The
isomer shift’ follows this data closely, indicating that the shift
is due to changes in screening. A calculation of the change in
st(o)lz per p electron is made using the Férmi Segre formula and

smpirical screening coefficlents due to Slater.

From the theory of electronegativity, a monotomic change of
isomer shift from .1 to Cs would be expected. The large departure
from this prediction 1s unusual but not too surprising as the
whole range of shifts in the alkali lodides is small and other ef
fects can swamp that of electronegativity. In partieular, it is
suggested that the 5p electron distribution in CsF and RbI is dis~
torted by dipole-dipole interaction; the polarizability of the '
alkali fon increases by a factor of 110 from Li to Cs. This intez
action decreases the 5p population from LiI to CsI and hence
IZPS(O)I2 is larger in Rb and Cs lodides. This interpretation
indicates that %? is positive,

1

The lodates show positive shifts of 1.0 to 1.5 mm sec
!

and

the periodate one of -~ 2.3 mm sec ~. X~ray data show that in (I 03)
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compounds the I atom is surrounded by 6 oxygen atoms. The bond
angles are close to 90° and the bonds will contain chlefly 5p
electrons. Hence the shifts are positive. In the (I 0,)” fon,
each I atom is surrounded by a tetrahedron of 0 with 109°

between I-0 bonds. This requires considerable sp hybridization,
leading to removal of 3 electrons from I. A rough quantitative
estimate gives .61 for the ionicity of the I-0 bond in KIO,.
Electronegativity considerations suggest 0.4 - 0.5. The result,
88 = 3 x 1075, 15 difficult to explain using the single particle
shell model; but if it 1s interpreted as due to a change in deform
ation, it caﬁ be related to the difference in quadrupole morents
of the two states. Fair agreement is reached in the weak coupling
(particle to core) approximation.

Interesting results have been obtained by Atzmony and Ofer

151 and Eu153. One would

(1965) on isomer shift ratios in Eu
expect that 1f it is Justifiable to separate the isomer shift inte
the product of 8 nuclear part and an electronic part, the ratios of
isomer shifts of a serjies of compounds should be the same for all

nuclear transitions 1n the same element. Eu has three transitions
which can be used; one in Eu151 and two in Eu153° If the shirts-

measured in Eu203, Eu metal and Eu 804 are répresented by a, b and

cy then the quantity %f;g was found to take the values * for the

* 1,92 + 0,14, 1.4 & 0.25 and 1.24 ¢ 0.1,
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three transitions. Atzmony and Ofer suggest that the discrep-
ancles may be'explained either in terms of polarization of the
nucleus, since the nuclear deformation is known to be 'changing
rapidly in the vicinity of Eu, or else as being due to the
influence of p* electrons which are ignored in the usual treat-

ments of the isomer shifst.

It should be pointed out, however, that Kienle has also mads
a series of isomer shift measurements on En (reported at the 1965
Vienna Conference on the Mossbauer Effect) without observing any

anomalies of the type reported by Atzmony and Ofer.

It might be expected that there should be an intrinsic depend-
ence of isomer shift on temperature (at constant volume) due to
the fact that the electrons follow the lattice vibrations almost
adiabatically and hence their time-averaged density 1s related to
the mean inverse volume of the unit cell, whereas the macroscople

denslty of the crystal depends on the mean volume of the cell.

This effeaect is,.however, completely swamped by the gecond
order Doppler shift (Josephson (1960); Pound and Rebka (1960) which
accounts for about 90 of the temperature dependent shift in Fe.
The remaining 10f can be ascribed, within experimental error, to
thermal expansion. The volume dependence has heen measured by
Pound, Benedek and Drever {(1961) who measured the shift as a
function of pressure. Recently this work has been extended by
Edge Ingalls Debrunner Drickamer and Frauenfelder {1965).

It is possible that in cages where the coefficient of
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expansion is markedly anisotropic a further shift may arise due to
a redistribution of electron wave functions with the change in bond

angles.

The relativistic temperature shift referred to above can be
derived either as a second order Doppler effect, or by the follow-

ing argument due to Josephson.

When a nucleus emits a photon of energy E, its mass deereases

by
B

SM = ==
cz
This causes a rise in the frequencies of all the normal modes
of the érystal. The average fractional change of frequency will be

8M/2NM where NM is the total mass of the crystal.

If the photon is emitted without recoil, the occupation numbers
of the varions lattice modes do not change and therefore the energy
of the érystal increases by §E = ;;ftz U where U is the contribu-
tion to the internal energy arising from the lattice vibrations.
Therefore the shift, in velocity units, between two temperatures Tl
and T, is . T2 |

dv = ;: e 4T
where C, 1s that part of the specific heat at constant volume which

is assoclated with lattice vibrations.

This effect can sometimes usefully be employed to supplement

measurements of recolless fraction in lattice dynamical studies.
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QUADRUPOLE SPLITTING

We will consider next the contribution to the energy of the
system due to the interaction of the nuclear quadrupole moment,

eQy with the gradient of the electric field.

Q is defined as g‘ fp(Bza- z)dxdydz vhere p is the charge
density, e 1s the charge of the electron and the z axls coincides
with the spin axis of the nucleus.

If the field gradient 1s referred tovits principal axes it can
-V

be specified by sz(= OZ‘V/BZ'Z) and n (= —ET—E- ) where

zZ3z
sz )Vn );Vyy eq 1s often written for L

The Hamiltonlan describing the interaction 1s

_ *%aq 2 y + 1 2
&l 41(21-1) 31 - W)+ 2 (J’Z‘ ) Iy)

A general expression for the eigenvalues cannot be given, but

the secular equation has been golved for a number of special cases.

In the case of an axially symmetric field gradient (v = 0)
the eligenvalues are:
_eqQ
e gr(e1-1)

{3m§ - I(I+ 1)}

The relative intensities and angnlar distributions can be
calculated by taking my to be a good quantum number.

Notlce that the levels + my are degenerate and also that the

levels are not evenly spaced.

2
In the case q;ﬁ Oy for I = %/2, B 2:9__49_9_ 1+?-—/3 (Q

Q
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vanishes for I = 1/2).

For all other cases of half integral spin also, the levels are
degenerate, bt for integral values of I, the degeneracy 1z removed.

e%qQ ®qQ
e.g. for I =1, By = = " 5 " (1+19)

1 1 1
for I =2,%, = N e®qQ; + " e?qQ (1 - '2/3)*; "3 e%qQ(1+ 7.

Unless v is sufficiently small for its effect to be treated as
a small perturbation, these eigenvalues do not correspond to
definite values of my and the intensitles and angular distributions
must be calculated by the methods described by Zory (1964). See also
Bersohn (i952) or Das and Hahn (1958).

In order to analyse the quadrupole splitting, 1t is desirable
that either the source or the absorber should have an unsplit single
line apectrum, as otherwise the observed spectrum will have the form
" of a convolution of the two patterns and’ may be rather hard to inter
rret. If the number of lines in the spactrum is large and the recoil
less fraction small, it is usualiy preferable to use an unsplit source
and split absorber. The reason is that with this arrangement the
vhole of the incident radiation 1s at resonance with each of the
absorption lines in turn, and it is only necessary to increase the
absorber thickness to obtaln the same maximam absorption as if both
source and absorber were unsplit. With a split source and unsplit
abgsorber only one of the 1ines in the incident spectrum is absorbed
at a time and all the others contribute to the non-resonant back-



70

ground.

These considerations apply equally to magnetic splitting of

course.

An unsplit line can be obtalned by placing the resonant nu-
cleus in a cuble environment. (Notice that it 1s not sufficient
for the crystal as a hole to have cubic structure 1f the unit
cell 1s at all complicated). This is not always easy and single
line Mossbauer sources of rare earth elements for example are
usually broadened by unresolved quadrupole splitting. (The other
Imain source of broadening is an lsomer shift”which is not the same
for all nucleil due to inhomogeneity in the surroundings). It bhas
occasionally even been found necessary to go to the extreme of us-
ing a single member of a widely split absorption spectrum in place
of a single line to analyse a source showing much smallér splitting.

.The eleétric field gradlent can be considered as belng the
sum of two contribution. The first is due to the asymmetry of the
wave function of the electrons in the ion of which the nucleus forms
a part, while the second 1s the resultant of the fleld gradlents
produced by the charges on each of the surrounding lons. The firsf
of these terms can easily be calculated if the orbitals of the bongd

ing electrons are known.

If the crystal has cuble symmetry, the field gradient will
always average to zero, but if there is Stark splitting of the
electronic levels by the crystal field, each sublevel will
contribute a different field gradlent. At termperature sufficiently
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high for Stark levels above the lowest fo be populated, one can
usually expect that the relaxation time between them will be very
short compared to the Larmor period of the nucleus, ﬁ/Eq, and
therefore one will observe an average of the field gradient taken
over the Stark levels welighted wlith the Boltzman factor. Only when
the temperature is so high that all the Stark levels are equally
populated will the field gradlent average to zero. (This, as will
be seen later, 1s rather different from the behaviour of the
magnetic interaction). Observation of the temperature dependence
of the quadrupole splitting can thus be used to give Iinformation
tbout the levels of the lon in the erystal field.

The field gradient calculated 1n'this way must be corrected
for the shielding of the nucleus by the closed electron shells
which are themselves distorted by the field gradient. This correc-
tion is typically positive and of the order of 25%. Values have
been calculated for a fair number of elements by Sternheimer and

by othefs.

The second contribution 1s also in principle straight forward
to calculate but often turns out to be very sensitive to small
changes of lattlce parameters, and in additlion 1t 1s necessary to
make an estimate of the charge to be associated with each ion.

The fleld gradient produced by external ions is also modifded
by the resultant distortion of the electron wave functions. This
time the shielding factor turns out to be large and negative (i.e.
the flsld gradient at the nucleus 1is increased). Typical values
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of this "antishlelding factor" lie around 100. Again, calculations

have been made for a number of elsments,

When shielding is taken into account, it turns out that these
two contributions to the fleld gradient ars often of the game order
of magnitude. However, they are distinguished by the slight

temperature=dependence of the second term.

It is quite possible for these two contributions to the fiélﬁ
gradient to have opposit.e signs, in which case they may cancel at‘-éom
temperature. However, the cancellation will usually not be
complete unless the crystal has axial symmetry, since otherwise the
components of the fleld gradients parallel #nd rerpendicular to the
z axis will generally vanish at different temperatures. This effect
was demonstrated by Mossbauer and Poindexter (1964) who showed that
the observed line width in Tmé6903 had a minimum value at a temper-
ature of a few hundred degrdes. This should be useful iIin the cage
of rare earths, which are seldom found in lattice sites having
cublc symmetry and for which it is therefore difficult to obtain
narrow single-line sources. Unfortunately it 1is seléogi possible
to work at the high temperature required, owing to the resulting

low recollless fraction.

In & magnetically ordered material, the exchange interaction
will be large compafed to the splitting in the erystal fleld and
will therefore determine the magnitude of the electric field
gradient. This situation will be considsrsd later.

As was pointed out earlier, for nuclear spins greater than 3/2,



the levels are not uniformly spaced : +5/2
and it is therefore possidble, from — : *32
. * Y2

inspection of the Mossbauer spectrum;
to decide the sign of egQ for both
levels. The figure illustrates this

for the case of a nucleus having A SIE | : + 72
splns of 5/2 and 7/2 in the excited L |

. i b . 2

and ground state respectively. If ir o

\ 4 * s8/2

the asymmetry parameter is equal to

zer® the levels may be assigned

definite m-values and only those transitions allowed by the selsp
ti.on rule Am = 0 or + 1 (for dipole radiation) need be considered.
This gives § transitions and it is easily seen that the relative
positions of the lines will be changed completely if‘ the order of
the sub-levels of one of the states is reversed. The identification
~of the lines is further assisted by the fact that the intensities
of the transitions are proportional to the Clebsch-Gordon coaf-

ficients (for a polycrystaliine sample).

The example just considered is similar to the case of T2
which has been described in detail by Hafemeister, De Pasquall and
De Wa&rﬂ (1964)0

In the case of levels of spin 2%/2 the spectrum will be sym-
metrical for a polycrystalline sample. However if a single crystal
is used, we can make use of the different angular distributions of
the Am = + 1 and Am = 0 radfation to decide which 1line is which
and hence deduce the gign of the quadrupocle interaction. It shonld
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he noted however, that the recoilless fraction may not be 1sotropie
and this can give rise to lines of unequal gtrength, even in the
case of 3/2 to 1/2 transitions (such as re®” and Snnq) in poly-
erystalline absorbers, for which the intensity ratlio of the Am = 1

transition to the Am = 0 transition will be

_ff(B)(l-'- c0s26) sin® 46

jf(e)(5/3 - c0s°0) sin® ae
This was first pointed out by Gol'danskil, Mskarov and Khrapov

(1963a) and has been observed in a number of cases.

The sign of the guadrupole interaction may also be determined
for a polycrystalline absorber by observing the effect of an applied
magnetic field Ruby and Flinn (1964). See also Collins (1965).

If the ground state quadrupole moment is known (e.g. from
atomic beam measuremeants) the Mossbauer results allow us to determine
the excited state moment and the field gradient. Otherwise we nﬁz-st
choose some simple compound for which we think we can calculate the

field gradient and use this to find the moments.

As in the case of lsomer shift measurements, one can frequently
derive useful Iinformation about the structure of a range of compounds

from the ratios of the quadrupole couplings observed in them.

Probably the most careful study of the guadrupole interaction
in Fe57 has been that of Ingalls (1964) who measured the temperature
dependence of the splitting in a series of ferrous compounds.

According to Hund's rule, the ground state of the FeH jon
(3' 66) should be a 5D4 state. In a distorted octahedral environment
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five of the electrons will somblne to make no contribution to the
field gradlent. The gradient will therefore be due entirely to
the sixth electron which will be distributed between the available
orbitals with a relative probablility given by the Boltzman factor.

The field gradient due to anelectron with quantum numbers n, i, m

1
can be calculated from the formula, given by Townes and Shawlow
(1965) 2e 2(1+41) < >

q = -
alm (o a43)(24-1) w,m

where the factor <;13->can either be found from the radial distribu-
tion given by a Hartree~Fock calculation or, in guitable cases,
deduced from optical hyperfine structure data since the dipole
field of the electron at the nucleus also depends on.( %> + Folloy
ing this approach Ingalls after correcting for screening and for
the contribution from surroﬁndiqg ions, found for the <uadrupole
moment of the 3/2 state the value, Q = (0.29 + 0.02) x 10724 em?,

In jonic trivalent Fe compounds the splitting 1s much smaller
than in the divalent compounds. The Fe™* ion is in the state
685/2 and hence there 1s no contribution to the field gradient
from the ion i1tself (as 1slconf1rmed by the small temperature-
dependence of the splitting). In cases where the crystal structure
is suffici&ntly well known, the lattice sum can be evaluated nsing

the expressions 3 cos® 8,-1
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and the result multiplied by the computed sntishielding factor. The
value deduced for Q3/2 by this methed is in good agreement with In-
galls' result.

In the case of Snll9 the position with regard to the abgolute
value of the excited state quadrupole moment 'is a good deal legs
satisfactory, but use has been made of the relative splittings to
draw conclusions about tha structures of a number of Sn compound s
including organic compounds. (Aleksandrov et al. 1963). Also
Goltdanskil et al. 1963b).

The quadrupole moment has been determined by measuring the
splitting In Sn 0 and SnS and calculating the field gradient from
the known crystal structure, using the formula of Townes and Shaw-
low already quoted and a value for < :}) from optical hyperfine
structure data. To this was added an estimate of the contribution
from the surrounding ions. The result obtained was Q= -11*10
x 10'26 cmz. The large error arises from the fact that no accurate
calculations of the screening coefficients were avallable, moreover
the internal consistency of the result is poor. All the measure-
ments were made at one temperature (80°K) so it was assumed that

the lon was in its ground state. It should certainly he possible

to improve on the accuracy of the flgure quoted.

The sign of the quadrupole moment was determined from Mogs-
bauer spectrum of tetragonal SnO in which the intensities of the
lines were unequal. An X-ray examination of the absorber which

was in the form of a crystalline powder showed that it was partial-
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ly oriented, with the axls of symmetry along the direction of the
X-ray beam., This information ldentified the stronger peak as the
one originating in the m = + 3/2 level and this, together with

the slgn of the calculated field gradient determined the sign of

the quadrupole moment.

The case of ITodine is interesting since there are five qdd A
isotopes formed by the successive addition of pairs of neutrons to
1125, 1125 and 1127 have ground state spin 5/2 and first exéited
state spin 7/2 and-in the other three the order of the levels 1is
" reversed. The guadrupole moments of all the ground states are
knwon and,bbssbauér measurements now give the excited state

127 ang 1129, Tt 1s found that if all seven known:

moments of
quadrﬁpole moments are plotted against neutron number, they rfall
on two straight lines, one for spin 7/2 and the other for 5/2.
Attempts to explain this result have not been successful since all
nuclear models tried so far suggest that IQ7/2| should be greater

than [Qs/zl, whereas the reverse is the case,

MAGNETIC SPLITTING OF MOSSBAUER SPECTRA
The interaction between the nuclear magnetic moment and a
magnetic fleld, Hy 18 given by the Hamiltonian:
Hy=-epnIE
where g 1s the gyromagnetic ratio of the nucleus whose spin is I

and i, is the nuclear magneton.

The corresponding eigenvalues are:
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Thus, in the absence of a quadrupols interaction, a level of

spin I will be split into (21 + 1) equaliy spaced sublevels.

Most ohservations have been made on :uclei in ions which are
themselves paramagnetic, but one can also introduce a dlamagnetic
jon Iinto a ferromagnetic lattlice or make use of an externally ap-
plied field. The last method is seldom used since few Mossbauer
lines are narrow enough to permit the resolution of the splitting
produced by conveniently obtained external fields.

The field at the nuecleus can be written
H = He + Hint

where H, 1s due to the surrounding electron and is given by
3r(S.r)
e (5 (ZER 5L (v o)

(29)
where ge 1s the gyromagnetic ratio of the electron, 3 1s the Bohr

magneton, S? and St represent s-electrons with spin up and spin

down.

The first term represents the field due to orbital motion,
the second term 1s the dipolar contribution of the electron spihs,
and the last term is the Fermi contact term which gives the effect
of the spin density at the nucleus and hence vanishes for all ex-
cept s—electrons. The last term 1s important since the closed s~
sub=-shells will be polarized by the unpaired electrons in other
shells, and this effect greatly exceeds the direct contribution,
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The magnitude of this effect is difficult to calculate. In a metal
there will &lso be an important contribution to this term due to

the conduction electrons.

The other component of the fleld, Hint is:
4

Hb +~m7 M - DM
3

vhere Ho is the macroscopic applied field, M is the polarization

Bing =

of the lattice and D 1s the demagnetizing factor which depehﬂs on
the geometry of the saﬁple. The numerical factor in the second

term 1s strictly correct only for a cuble lattice.

In the absence of spin;orbit coupling, for an ion situated in
a crystal field and with no applied magnétic riald,'mL and m,
would be good quantum numbers. It is a consequence of time-
reversal invariance that only degenerate states will contribute to
the magnetization of the lon. In the 3d group of transition
elements the spin-orbit coupling 1s weak compared to the inter-~
action of L with the crystal field, and the ground state is non-
degenerate. As a result, the orbital contribution to the field 1s
quenched and the magndtization 1s almost entirely due to the elec-
tron spin., That thies description is only approximately true 1is
shown by the fact that the g-values for metallic iron does differ
slightly from the value for the free slectron. Im ferrous compounds
the orbital contribution is quite significant and it 1s known that
g-values may be as high as 2.25. The ferric ion is in an S state

and so there should be no orbital contribution anyway.

The behaviour of the 4f transition elements 1s quite different
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since the crystal field splitting is smaller than the spin-orbit
interaction and hence the good quantum number in this case is J
and we have to average in eq. (29) over all the L and 8 values

contributing to a state of given J. Tables for calculating the
field are given by Elliot and Stevens (1953). Since J may be
either integral or half-integral, the degeneracy of the ground
state in the crystal field will depend on whether the number of
electrons on the ion is odd or even, Ions with an even number

of electrons wili have a non-éégenerata ground stat§ and  the

magnetic moment will be completely quenched.

We expect that the magnetic flelds produced by an lon in a
degenerate ground state in the crystal field will be equal and
opposite and as a result, provided the degeneracy is not removed
by an applied field, the magnetization of the ion will vanigh ir
it i1s averaged over a sufficlently long time. As we are
interested in observing the hyperfine splitting of the nuclear
levels, the time scale is given by the La:mor precession period,
Ty» Of the nucleus. That is to say we will observe the full
splitting if the spin-lattice and spin-spin relaxation times of
the ion are long compared to h/Enl and no splitting for relaxa-
tion times much shorter than‘rL. Thé behaviour in intermediate
cases can be rather complicated. HNotice that while the magnetie
field depends on m the electric field gradlent depends on mz and

therefore the relaxation of the ion between states of +mand -m

does not cause the latter to average out,

Now suppose that a magnetic field is present., This will
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remove the degeneracy and the population difference between the
+m and -m states will be governed by the Boltzmann factor,
leading to an effective field at the nucleus which may greatly
excesd the applied field. In a ferro or antiferromagnet, the
exchange interaction will lead to a splitting of the atomic
levels which is large compared to the érystal field splitting.
Provided the relaxation time is short, the field seen by the
nucleug should be given by a thermal average over the states of
the ion. It should therefore have the same temperature depend -
.ence ag the bulk magnetization. This has been shown to be so
in a number of cases including metallic iron and Ytrium-Iron
Gafnet. If the crystal-field splitting is very smail compared
to the magnetic interaction 1t can be ignored altogether and the
lon treated as if it were completely free, apart from the inter-
action with the local magnetic fleld. This is expected to be
the case for the rare earths and leads to a rather simple predig
tion for the temperature variation of the guadrupole interaction

with the nucleusg.

At a temperature T, the magnetization relative to that at

saturation will be:

3 ~gBHT,
s, exp( . )

Jz=-J

7 gRHJ_
T2 exp| - —
7o KT
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where H 1s the Welss local fleld and ls, of course, itself temper~

ature dependent.

At the same time the electric field gradient will be propor-

tional to:
J =gBHJ

> {332-3'(3'-!-1) exp(

J'z=‘-J'

J(Z.;I-l) é exp( gﬁHJ
J,==J
Thus there will be & definite relationship between the

oeffective magnetic fleld and the electric. fleld gra&ient at the
nucleus. The latter falls off much more rapidly with increasing
temperature. This result of the free-ion approximation has been
verified in the case of Dy161 in both the metal (antiferromagnetic)
and in Dy-Iron-Gdfnet and also for Tm%? in:TmFeZ.

‘The Hamiltonian for the case where magnetic and electric
fields are present together is just the sum of the separate ex-

pressions already quoted. (It must be remembered, however, that

the principal axes of the two fields may not coincide).

It is not possible to write?down expregsions in closed form

for the eigenvalues except in certain simple cases. (Abragam 1961).

In the case where the quadrupole interaction 1s small (eaqq«pH),
the correction to the positions of the levels given by eq. (28)
will be
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e2qq
8I(2I-1)

{3m§ - I(I-l-l)} (3 c0529 -1l+y sinae COS 2¢) senscornes

' (%0)
where © and ¢ are the polar angles of H with respecﬁ to the axes
of the o.f.g-

If the absorber is not a single crystal and the direction of
H is not fixed with respect to the crystal axes, the gquadrupole
interaction will result in a broadening of the lines. Thus in =&
polycrystalline ferromegnet in zero applied field the angles 0
and ¢ will be constant (except perhaps in closure Jdomains if the
crystal symmetry 1s low). If a magnetic fileld is applied and
gradually increased, the magnetization will at first become aligned
along the easy directions nearest to the fleld; at still higher
fields rotation of the domains will oceur and the 11nes of the

Mossbauer spectrum will become broadened.

For the case of %= 0, Abragam quotes the result of a second
order perturbation calculatlion which can be used even when aqu
is not small. In other cases the secular equation must be
solved., Numerical results are tabulated by Parker (1956 and by
Matthias et al (1962).

If M =0 and the symmetry axis coincides with H the results
are particularly simple; m remains a good quantum nﬁmber and the
eigenvalues are just the sums of those obtained for the magnetic
and electric interactions alone. (Notice that this result dif-
fers from eq. (30) only by a constant factor. The two situnations

cannot be distinguished simply from the relative spacing of the
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lines).

Finally, if the e.f.g. is not axially symmetric but has 1its
principal axes parallel to Hy the secular eguation can be szolved
without much difficulty. For the important case of T = 3/2, the
four solutions are: > >

gnH e qQ 4guH n
+ 1 +

¥
E =4+ —

m — — i .

2 4 e2qQ 3

It will be seen from the form of the above expressiohs that
they allow us to find from the observed splitting not only the
magnitudes of the magnetic and electric interactions but also
the sign of the electric quadrupole interaction,

In the case where m can be regarded as a good guantum number
we can predict the allowed transitions using the selection rules
Am = 0y + 1 for dipole transitions or Am = 0, + 2 for quadru-

pole transitions. We can also write down immediately the relative
intensities, angular distributions and polarizations.

Other cases must be dealt with by working out the eigenfunc-
tions, as discussed by Zory (loc eit). We will simply point out
here that the number of allowed transitions may be increased (e.g.
8 instead of 6 for Fed’).

Further complication can arise from the fact that some crystals
may contain the Mossbauer nucleus at two or more non-equivalent

sites for which the_hrincipal axes may not he parallel.

A fully resolved spectrum obtained by the use of a single~line
gource and analysed in this way will allow us to find the magnitude



- 85
of the magnetic interactions in the ground and excited states and
their relative sign and also the magnitude and sign of the quadry
pole interaction in both states. If ‘the groind state maghetic
- moment is already known this sllows us to find t¥Me dxcited ‘state
moment and the magnitude of the field at the nucleus. Even if the
ground state moment is not known or is very small (e.g. in even-
even isotopes it is zero), we can still find the excited state
moment if there is another lsotope aof the same e¢lement in which
the Mossbauer effect can be,used.toutinﬂ the field. For example
the magnetic moment of the first excited state of Dylso can  be

found in terms of the ground state moment of T 161

usgsing the
measured splitting in.the metal which is ferromagnetic at low
temperatures. So far as the Mossbauer spectrum 1s.concerned, it
makes no difference whether the magnetic ordering responsible for
Hs‘is_fe:gomagpetiq or antiferromggnetlic. In fact, the Mosshauer
effect provides one of the few techniques, apart from neutron scat
tering, for the study of .sublattice magnetizatlon in antiferromag-
netic and ferrimagnetic_materials and is often the simplest method
for finding the Neel temperature. As .an example, antiferromagnetic
Feao3.is known to undergo a rotation of 90° in the direction of
the spins_at a temperature of 250°K. Observation: of the Mogsbauer
Spectrum as.a functidn df temperature in this region shows no
detectable change in Hy» but an almost exact reversal of the
guaarupole lnteractlon,f(as would be expected since the e.f.g.
comes almost entirely from the surrounding ions and so dées not

rotate with the spins}. (Forester 1964).

A direct measurement of magnetic splitting will not tell us
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the sign of the magnetic interaction.

In order to find the direction of Hé relative to tho direc-
tion of magnetization of the ion we must use some indirect method.
The simplest iIn the case of the ferromagnet is to add an external

field and see whether the splitting increases or decreases.

Several precautions must be observed. In the first place,
the relative intensities of the lines from a fully maghetized
sample will be different from those observed when the domains are
oriented at random. It is therefore best to make a comparison
between & field which 1s Jjust great enough to magnetize the sample
to saturation and a much larger field. This precaution will also
avold a second source of error which lies in the fact that
magnetostriction will always cause an initial increase in | the
magnitude of H,. (The importance of this effect has been.enphaslsed'
by Grant, Kaplan, Keller and Shirley (1964) who studied the field
at the nucleus of Au in dilute alloys with Fe, Co and Ni). Thirdly,
it is important not to work too near to the Curle temperaturs since
the domain magnetization will then be a function of applied field.

It i1s sometimes desirable to measure the hyperfine field in a
paramagnetic solute in a non-ferromagnetic host. The above method
cannot then be used since the splitting will simply be proportiomal
to the applied field. TIn this case one can make use of the fact
that the Am = + 1 transitions, when observed along the direction
of the field, are circularly polarized in opposite senses. (The
intensity of the Am = 0 transitions i1s zero in this direction).
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If then the source and absorber are both magnetized along the
direction of observation the Am = + 1 transitions in the source
will excite Am=+1 +transitions in the absorber accor'ding to
whether the hyperfine filelds are parallel or antiparallel and
the converse will be true for Am=~l1 transitions. The formof the
spectrum then gives the relative sign of the hyperfine fleld in
source and absorber. Note however,; that appreciable quadrupole
splitting will greatly complicate the interpretation of the
observed spectrum. The use of this method is discussed by Blum
and Grodzins (1964).

When the relaxation time of the ion is very short the effect-
ive fileld approximation in which we consider the nncleus ags
situated in a steady field obtained by taking the thermal average
over the states of the ion usually gives, as we have seen, a good

description of the observed hyperfine splitting.

When the relaxation time is long it may become necessary fo
take account of additional terms in the spin Hamiltonian which
cannot be represented as an interaction of the nuclear moment
with an effective field. The number of lines in. the spectrum
may be increased and the levels may no longer be uniformly spaced,
A rather detailed theoretical treatment of the problem has been
given by Afanastev and Kagan (1964). Here we will consider simply

a few examples.

Suppose that the levels of the ion in the crystal fleld form

a serles of Kramers doublets + 1/2, + 3/2, ... Then in the absence
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of an applied field, if the relarstir: time is long ve should
observe a superposition of spectra corresponding to the flelds
produced by spins of * 1/2, # 3/2, etc. This has been observedby
Wertheim and Remeika (1964) who studied d!lute Fe' ™ ions in A1,05.
The Fe'** ton 1s in a 6S state which splics into states with S, =

= +1/2, * 3/2 and * 5/2 with very small separation so that at

78°K they are equally populated. Lines corresponding to flelds

of 550 kG and 330'1:(‘: were observed, but the spectrum corresponding
to the + 1/2 state is unsplit since the relaxation time betwesn

the states + 1/2 and - 1/2 is much shorter than between any other
pair of stategs. Johnson, Cranshaw and Ridout (1964) carried out
a similar experiment using a polycrystalline absorber but went dewn
to a much lower temperature (1.3°K). At this low temperature,
unequal populations of the levels became apparent and it was found,
as expected, that the + 1/2 level lies lowest. In ﬁddition, the
relaxation time of the % 1/2 level was now long enough to give a
resolved spectrum. However instead of the ground and excited
nuclear states being split into 2 and 4 sublevels respectively, the
ground state splits into a doublet and two singlets .and the exclted
state into three doublets and two singlets. The reason is that the
off-diagonal term in the part of the spin Hamiltonian representing
the hyperfine interaction, which can be ignored in the + 5/2 and
*+ 3/2 spin states, where the terms which they connect are well
separated, have to be taken into account in the + 1/2 state 1in

which they connect degenerate levels.

Johnson &t ai also varied the relaXation time through the spin-
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spin interaction by varying the concentration of Fe+++ ions. They

observed, as expected, a broadening of the lines together with a

gradual transfer of intensity from the split spectrum to an unsplit
central line.

In the rare earth salts the splitting of the Jz states is about
100 times larger and so at low temperature only a single Kramers
doublet will be pOpulgted. 1f the order of the levels is inverted
asy for example In Dy, 03 (Nowik 1965) where the ground state has
J, = * 15/2, the relaxation time will be very long since transi-
tlons between the degenerate levels would require quite a large
change of angular momentum. In this case the splitting can be

observed up to quite high temperatures (over 70°K).

Somewhat different is the case of FeNH4(SO4)Z.12H20 (Ferric
ammonium alum), studied by Obenshain et al (1965). This shows no
splitting in zero applied field, but at low:temperatures can be
magnetized almost to saturation in fields of about 20 kG. The
relaxation time is believed to be not very much shorter than the
Larmor period. It is found that when the fleld and temperature
are varied,; not only are the outer lines of the spectrum broadened
much more than the inner ones as H/T 1s decreased, but the relative
spacing does not remain constant. No complete theoretical analysis

of this situation seems to have been made as yet.

Because of the large effect of core polarization, it 1s dif-
ficult to draw firm theoretical conclusions from the measured va-

lues of H,. For example, Watson and Freeman (1961) calculated the
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value of H .. in ?e+++ 50 pa = $20 kG. Aliwough this 1s in good
agreement with the measzured values fcr ferrle compounds, which
fall within the quite siali rauge of <515 to =625 kG, it is the
result of the near cancellation of two mreh larger terms, since
the s-electrons lying inside and outside .ne %d shell contribute
spin densities which are respectively parallel and antiparallel
to thé 3d spins. The uncertalnty in the theoretical value is

therefore large.

At the time when the field of =330 kG at the Fe nucleus in
metallic Fe was first measured it caused some surprise since a
positive value had been predicted. The situation is quite
complicated, since in addition to the nat'negative contribution
~ from the spins of the 34 electrons referred to above; there will
be a small positive contribution due to the partial unqﬁénching
of the orbital angular momentum and also effects due to the
polarization of the conduction electrons. This polarization ean
arise either as a result of exchange interaction with the 34
electrons or through covalent s-d mixing. These two effects give
fields of opposite sign and it cannot be predicted which will be

greater.

By observing the fleld induced at the nucleus of a
diamagnetic lon in dilute solution in a ferromagnetic metal, one
might hope to observe the effect of conduction electrons alone.
Experiments of this kind have been carried out using snll? tn
Fe Co and Ni by Boyle, Bunbury and Edwards (1960), and using Aut97
in the same host metals by Grant et al (1984).°
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Théaresults are difficult to interpret quantitatively how-
ever, since the spin density is 1likely to be very non-uniform over
the unit cell and large differences are observed. For example the
values found for the field at a Sn nucleus in Co were ~27 kG  and

-53 kG respectively for cubic and hexagonal Co.

Rather more direct information can be obtained from a system-
atic study of the hyperfine interaction in serieg of Fe alloys. For

57 in Pe Co, Fe Ni and Cu Ni alloys, if the magnetie

example for Fe
splitting is plotted against the average moment of the alloy, the
results fall on a single smooth ecurve with relatively little over-
ail variation. 1In fact, the large hyperfine field remains on the
Fe nucleus even when the alloy has a coﬁposition“very close to that

at which its magnetization disappears.

Fairly successful attemps have also been made to correlate the
observed splitting with the number of F?‘nearest neighbours in Fe
alloys by observing the broadening of the spectrum and recently it
has been possible to resolve the effects of different neighbours by
using dilute alloys of impurities with Fe. The technique 1i1s well
exemplified by solutions of Si in Fe which provide one of the simplest
cases. This alloy has been discussed by Granshaw, Johnson and Ri-
dout (1964) who used a single crystal to show the anisotropy of the
hyperfine field. The component of the dipolar field of an atom at
a nelghbouring site v in the direection of magnetization M will be
proportional to (3 cos®6 -1) where © is the angle between M ahd ‘v
(and so will the electric field gradient). Hence, in a b.c.c.
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erystal, the effect of nearest neighbours will vanigh if the

magnetization is along the (001) direction since then cos® = 1 /3,
but for magnetization along the (111) direction two of-the neerest
9 -1) = 2 and six have (3 cose -1) = - 2/3,
Similarly when the magnefizatian is in the (0O01) direction, six

neighbours have (3 cos

second neighbours will have no dipole or quadrupole effects, and
s8ix will contribute to the field. Therefore any broadening of the
spectrum seen when the magnetization is in the (001) direction must
be due to second neighbours, while the effects of nearest
neighbours can be observed by magnetizing in the (111) direction.
The observed_shifts were quite small and could be recognized only
by careful study of the shapes of the outermost lines in  the

spectrum.

There has been a good deal of interest in the study of the
magnetic properties of ihe rare earth m;tals.by the Mosshauer ef-
fect, since many of them are both ferro and antiferromagnetic at
different temperatures and some of them have unusual forms of
magnetic ordering in the antiferromagnetic state. The determination
of the excited state moments is also of interest from the point of
view of nuclear structure theory, since in this region of the
periodle table the nucleil show large diastortions and one expects
that the unified model of Bohr and Mottelson, possibly with
modification to allow for the effects of pairing correlations, will
glve a fairly good description of the properties of the nuclear
ievels. Nearly all the rare earths have at least one suitable

Mogsbauer transition, although the energy 1s often rather high,
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necessitating the use of low temperatures.

The Mossbauer spectrum of Dy161

tn Dy metal has been studied
over the whole range of temperature from 4.2°K to the Neal point
at 177°K. The metal 1is ferromagnetic at very low temperatures dbut
changes to a spiral antiferromagnetlc structure at about 85°k. In
the antiferromagnetic state, ail the spin in a particular plane
perpendicular to the c-axls are aligned along some direction in
that piane. The next plane is similar but the direction of
magnetization differs from the firsf plane by a definite angle 9,
the magnetization of the next is rotated by a fnréher angle O and
g0 oﬁo The angle © has been measﬁrad by neutron scﬁttering and
shown to depend on ‘temperature. If the free-ion approximation
st11l holds in the antiferrOmagnatié region, there should be no
discontinuity in the magnitude of the hyperfine %nteraction as a
function of temperature and the shape of the curve in the antiferp
romagnetlic region should be that of a Brillouin funetion. This is
just what is found experimentally. However it is observed that
above about 140°K, the individual lines of the spectrum start to
become broadened and they spon cease to be clearly resolved. The
broadening seems to be greatest for the outermost lines of the
spectrum, suggesting that the effect is due eilther to fluctuations
of the field at a rate slower than the Larmor frequency, or to
local variétions of the fleld such as might be expected if the
Neel temperature were altered by local strains in the crystals.

It seems rather difficult to explain effects as ihrga és those

observed by means of local variations of strain, but a recent
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theoretical paper by Kagan and Afanassev (1965) has pointed out
that slow fluctuations of the effective fleld are prgdicted at
temperatures near the transition temperature if the sub-lattice
magnetization {s properly treated using +he spin-wave formalism.
An attempt is being made at present to see how closely the predig
tions of this paper agree with the experimental results. |

It should be pointgd out that it is often rather diffiéult
to obtain a single-line source of a rare earth element. Most of
the rare earths become magnetically ordered at low temperatures
even when in the form of very dilnte.alioys with diamagnetic
metals. This may be due to a tendency to form intermetallic
compounds which crystallise out in grains of relatively large
size (several molecules). The salts often have long relaxation
times and,; in addition, it is difficult to find a compound in
which the rare earth ion 1s in a truly cubie environment. For all
these readons, observed line widths are always several times as
great as the widths predicted from the excited state lifetime. A
source which has been successfully used in connection ;1th the
26 keV trangition of Dylsl 1s produced by the irradiation of an
alloy consisting of about 1% of Gal®® 1n natural Mg, but this
recipe has proved less successful in some other cases. If the al
loy is to be prepared before irradiation (whieh 1s safer and much
more convenient) i1t i3, of course, essentlal to make sure that no
troublesome activities will be induced ih any of the other isotopes
of any of the elements present. Whenever an alloy is used either

as source Or absorber it is usually essential to anneal it careful
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ly to ensure that all the resonant muclel find themselves in
similar environments, and the same precauntion should be  taken

even with pure metals after neutron-irradiation.

* ok X
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