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Calibration of the Isomer Shift of >’Fe

by P. Rilegsegger and W. Kiindig
Physik-Institut der Universitat Ziirich, Switzerland

(27. X. 72)

Abstract. The influence of the chemical environment on the lifetime of the 14.4 keV state in
57Fe was measured. The result, together with Méssbauer measurements, determined the change in
the charge radius between the excited and the ground state as A4R/R = —(3.1 + 0.5) x 10~%,

1. Introduction

The hyperfine interaction measures the deviation from the Coulomb law for inter-
actions between a nucleus and its surrounding electrons. Since a point charge character-
izes the Coulomb force field, the hyperfine interaction is due to the deviation of the
nucleus from a point charge. The field and the charge-current distribution are con-
ventionally expanded in multipoles. The multipoles to be considered are the electric
monopole, the magnetic dipole, the electric quadrupole, etc. The monopole interaction
to be investigated in this article is proportional to the product of the electron density
at the nucleus |(0)|? and the mean square charge radius of the nucleus {r§>. A mani-
festation of this interaction is the isomer shift (IS) as measured, e.g., in Mdssbauer
spectroscopy. The IS is due to differences in the chemical surroundings of the emitting
and absorbing nuclei and due to the change in nuclear charge radius during the y-
transition

IS o A¢r2y-A1(0)]2. (1)

Both 4<¢r}> and 4|y:(0)|? are of considerable interest for nuclear and solid state physics.
While the measurement of the IS is straightforward, the interpretation of the result is,
except for qualitative arguments, almost impossible, although many investigators
have tried to calculate under various assumptions the corresponding electron density
differences.

The present paper describes the first experimental determination of 4{r%) for the
most widely used ‘Mossbauer nucleus’ 37Fe. The experiment uses the fact that the
coefficient for internal conversion of the M1 transition in 3’Fe is proportional to the
electron density |4(0)|?. By measuring the influence of the chemical environment on the
radioactive transition probability it is possible to determine via the conversion co-
efficient 4¢4(0) |2 and thus together with an IS measurement A<¢7%>. This experimentally
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determined value of 4{r%> may be used as a calibration constant to evaluate the great
number of *’Fe IS measurements.

In the first part a survey is given on the present status of the 3’Fe IS calibration.
Then the relevant theories for the IS and the internal conversion are sketched. In the
experimental part a coincidence technique to determine the changes of the radioactive
half-life caused by the chemical environment is described.

2. Status of the Isomer Shift Calibration of 3'Fe

Since the discovery of the IS by Kistner and Sunyar [1] in 1960 many investigators
have tried to separate the nuclear and electronic factor in the expression for the IS.
Most of these calibrations were done by calculating the electron density at the nucleus
using Watson’s Hartree-Fock calculations for the free ion wave functions [2], but
differing in the assumptions made concerning the electron configuration in selected
reference compounds. In a paper by Walker, Wertheim and Jaccarino [3] it was assumed
that for ionic ferrous and ferric compounds the configurations 34°4s° and 34°4s° may
be used. On this basis the authors obtained for the change in nuclear charge radius for
the Méssbauer transition in ’Fe AR/R = —1.8-1073 (see definition of 4R/R, equation
(3)). If the non-relativistic electron densities are corrected to the relativistic charge
densities this value becomes —1.2-1073 [4, 5]. The contribution of 4s electrons was
estimated by Gol'danskii. The configuration used was 348~ "~*4s*, where 7 is the effect-
ive charge on the individual atom taken from X-ray data. The value obtained was
AR|R = —5-10"*[6]. These data were refined by Danon [7] by taking s,s shielding into
account. The value obtained was —1.1-1072. This result was further refined by the
introduction of a hybridization of the bonding orbitals for octahedral iron complexes
and the shielding of the 4s electrons not only by the 34, but also by the 4p electrons.
The value calculated was AR/R = —9.10~*. A different approach was taken by Simanek
et al. [8, 9]. The authors calculated s electron densities in oxides and fluorides, taking
into account the overlap of the iron s electrons with the oxygen and fluorine p electrons.
By evaluating high pressure Mossbauer measurements by Drickamer et al. [10-12]
the authors calculated AR/R = —4.0-10"*and —5.2-10~* respectively. All the described
theoretical approaches to the calibration have had the drawback that free ion wave
functions had to be used in solids and many assumptions had to be made about the
electronics tate. Partially these difficulties were overcome by McNab et al. [13]. By evap-
orating Fe simultaneously with noble gases, Mossbauer absorbers could be produced
in which the Fe was assumed to be in the atomic state 3454s2. By measuring the ‘free’
atoms relative to FeF,, which is ‘known’ to be in the state 3d%4s° a value of AR/R =
—9.1-107% was obtained. This method was further refined by assuming that 3’Co decays
in solid xenon into Fe (34%4s?) and Fe* (3d7). From the measured shift between the
Fe and Fe* absorption peaks a value of AR/R = —8.7:10~* was calculated [14]. An
interesting approach was used by Pleiter and Kolk [15] and Fujioka and Hisatake [16].
By measuring the ratio of the conversion coefficients ay [, for different chemical
compounds and assuming that the difference of the electron densities of the nucleus in
the compounds investigated is only due to the 4s shell, the authors calculated 4R/R =
—4.5-107* and —6-10~* respectively. From these examples of the wide range of calcul-
ated 4R/R values and the many arguments which have to be used to justify the indi-
vidual results it has to be concluded that the problem of IS calibration in 37Fe is still
open.
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3. Theory
A. Isomer shift

The electrostatic interaction between the nucleus and the electrons may be written
as

W:ijVdT, (2)

where py is the nuclear charge density and V' the potential of the electrons. V' may be
expanded in a Taylor series about the origin

V=Vo+Vix+V,yy+V, 2+ 4V 22+ V,, 2+ V,,-2%)
+ ny‘xy + Vyz 'yz + sz‘Zx + T

For a pure monopole form of py one gets
W=Vo [ pwdr+ 4V + Vi + Vo) [ puridr
2
= Vo Ze+= Ze|(0) *r.,

where the Laplace equation AV =V + V,, + V,, = 4me|(0)|*> was used. Ze is the
nuclear charge. The first term corresponds to the Coulomb energy of a point nucleus. The
second term is the monopole interaction to be considered here. If one assumes a constant
charge density inside a sphere of radius R and zero outside ((> = #R?) the monopole
Interaction may be written as

Wy=27 26 REYO)] ®

In Méssbauer spectroscopy the transition energies of an isotope in two chemically
different environments are compared. The observed shift of the resonance line is

2
IS = ?Zt?z[REx — Real[|(0)|* — [3f5 (0)|?] (4)

R., and R,4 are the nuclear radii in the excited and ground state, |,(0)|* and |(0)|?
are the electron densities at the nucleus for absorber and source. To a good approxima-
tion one may write

152 ze 2 Aoy, )
5 R
where
AR=R.,—R,;, and R=~R.~ R,
In this classical derivation the assumptions used are a) the electron density |(0)|*is a
constant over the nuclear volume, b) the change in electron density has no influence on

the nuclear charge distribution and vice versa.
The electron charge density near the origin may be expanded in a power series

[B) [ = [$O) P = by 72 + by 7* + ... ). (6)
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The presence of the additional terms leads to the expression
27
IS = ?ZgZA |¢‘(O)IZ(A<7’1%> - B4A<"1t> + Bsd<”g> +...). (7)

The error due to the non-uniformity of the electron density over the nuclear volume was
calculated by Fricke and Waber to be 19, for ,¢Fe and 119, for 4;Np [17]. Due to the
smallness of the correction, higher order moments are usually not taken into account in
evaluating Mossbauer IS measurements. However, the higher moments become very
pronounced in muonic atoms. A comparison of IS measurements by muons with
Mdéssbauer measurements is still ambiguous.

The second assumption is that the electron density has no influence on the nuclear
charge distribution and vice versa. The influence of the electrons on the nuclear charge
is called the polarization effect. From simple arguments one expects that the electrons
reduce the repulsive force between the protons by screening and thus increase the
binding energy of the protons. Mang et al. [18] showed for pure rotational transitions
that the IS is identical to the polarization effect. For other transitions the polarization
effect is believed to be negligible although the justifications for this are rather vague
[19]. The additional question concerning the influence of the different nuclear charge
distributions on the electron density was discussed by Fricke and Waber [17] and found
to be negligible.

B. Internal conversion

The conversion coefficient « = N /N, is the ratio between the number of electrons
and the number of y-quanta emitted in a nuclear decay. According to the shell from
which the electron is taken, one introduces the partial conversion coefficients:
o =oy + oy, + oy + o, +an +.... The possibility of decay of an excited state by
internal conversion adds to the decay constant, thus the total decay constant A is
equal to the sum of the partial decay constants A, and A, for y-emission and conversion
electron emission.

A=A, + A =A,1+ ). (8)

The internal conversion coefficient « for M1 transitions is for all shells within 1%,
proportional to the corresponding electron densities at the nucleus [20]. Detailed
relativistic Hartree-Fock-Slater calculations by Raff, Alder and Bauer [21] are
summarized in Table I. An indication of the reliability of these calculations is the good
agreement found between the calculated and measured conversion coefficient.

Xtheor. = 857
Cexp = 8.26 +0.19 [22]
Xexp = 8.19 + 0.18  [23]

The last column of Table I shows that o,  is within 19, proportional to |, (0)|?. If
the small contributions of $ and 4 electrons to the conversion coefficient are not taken
into account, one may write

o o |4h(0)|



Vol. 46, 1973 Calibration of the Isomer Shift of 57Fe 169

Table I

Internal conversion coefficients for the 14.4 keV transition in 37Fe: The calculated conversion
coefficients «; are collected for the different shells for the 14.4 keV transition in *’Fe. Column 3
gives the electron densities at the nucleus in atomic units (1 a.u. = 6.75-102* cm=3). In the last
column o,/|4(0)|? is given for s shells.

[4:(0) ]2 =
Shell % (a.u.) [4:(0)]2
K, 7.875(0) 1.335(+4) 5.751(—4)
L, 7.223(~1) 1.258(+3) 5.740(—4)
e 4.380(—2) 6.800(0) —
o 1.774(—2) 8.196(—4)
M, 1.064(~1) 1.846(+2) 5.765(—4)
M, 6.107(—3) 8.774(—1)
Myyq 2.447(-3) 8.004(—5) -
M,y — 1.631(—8) —
M, — 1.470(—13) —
N, 4.900(—3) 8.642(0) 5.670(—4)

and

A AOP =

A [BO))F x+1

C. The calibration constant

Both, the IS and the relative change of the decay constant AA/A are proportional to
A|4(0)|>. By measuring the IS and 4A/A on two chemically different samples it 1s
possible to eliminate 4|i(0)|? and to get the calibration constant

AR_— 5 o 1 IS (10)
R 4w a+1 Ze2 R*[§(0)|> 4A/A

For the nuclear radius elastic electron scattering results on 5¢Fe were used [22]. The
relation R o« A3 was used to correct the 3°Fe value for 3’Fe to obtain R = (4.87 +
0.09) fm. The conversion coefficient used is « = 8.3 + 0.2. The total electron density as
calculated with a relativistic Hartree-Fock-Slater program is [4(0)|* = 14,800 a.u.
(1 atomic unit is equal to the inverse cube of the Bohr radius, 1 a.u. = 6.75-10%* cm™).
According to Raff et al. the maximum uncertainty in the value of |(0)|* is 5%.

4, Measurements

In order to determine the calibration constant 4R/R for *’Fe one has to measure
for two chemically different prepared sources the relative IS and the change in the decay
constant 4A/A. Since the expected changes in the decay constants are rather small
(AA/A =~ 107%) and susceptible to systematic errors, all together four samples were
used. The resulting six differences 4A/A should be proportional to the respective IS.
First, the choice of the matrix materials for the sources will be discussed, then the time

measurements and the IS determination with their appropriate corrections are des-
cribed.
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A. The four sources

The decay scheme of °’Fe is shown in Figure 1. The 14.4 keV Mssbauer level to be
investigated decays with a half-life of T';,, = 98.5 + 0.5 ns [25, 26].

The choice of the matrices for 57Co has to meet several requirements. First, the
IS between the sources should be as large as possible so that the small life-time differ-
ences become measurable. Second, the matrices are not allowed to contain 3’Fe, so
that self-absorption effects become negligible. Third, the ratio of the 14.4 keV y-ray
intensity to the 122 keV y-ray intensity in the different sources should be approximately
the same. The total absorption should therefore be negligibly small.

0.2 V
5/2" T dps 706

complex

co’ 270d

5/2- S8 136.4

12.3% | 87.7%

985 ns

3/ 14.408

12" ‘ 0
Fed7

Figure 1

Decay scheme of 57Co.

The most serious restrictions are self-absorption effects. This may be understood
from a classical treatment of emission and dispersion. The electric field of the y radiation
is

E = Eyexp (—i(kx — wot)) exp (—A/2)

+ o0

= Eg exp (—tkx) El—— j exp (twt) dw/(w — we — 31A) (11)
i
— Egexp (—ikx) j a(w) exp (iwt) dw. (12)

-0

If the radiation passes through an *’Fe absorber with the resonance frequency wy,
each monochromatic component a(w) excites forced oscillations of the resonators in
the medium. These forced oscillations cause a polarization of the medium which is
conveniently described by a complex refractive index

o
B {1, S50l = i e, (13)
w

The effect of passage through the absorber is to change a(w) to a’(w)
a'(w) = a(w) exp (—2ibw/(wi — w? + 1wl)). (14)
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The constant b may be determined by the observed transmission at the center of the
line

@ (wo) = a(wg) exp (—2b/1). (15)

By combining equations (12) and (14) the time dependence of the transmitted ampli-
tude 1is found to be

+c0

E’' = E,exp (—ikx) 51;; J‘ exp (iwt) - exp (2ibw/(w? — wi — iwd)) dw/(w — we — $2A).

- (16)

The solution of this integral gives for the time dependence of the intensity [27]

I = Iyexp (—A9) [Jo((BA)%)]2, (17)-
where ] is the zero-order Bessel function.

The factor B is given by

B=Noyf, (18)

where N is the number of 57Fe atoms per cm?, o = A2/(m(1 + «)) is the 5"Fe cross-sec-
tion for absorption (o = (2.56 4 0.05) 10~!8 cm?) [28] and f the recoil-free factor. The

1072

INTENSITY

1073

10°¢

Figure 2

Time dependence of radiation after transmission through a resonance filter. The parameter f
corresponds to the resonance absorption at the centre of the line (I = Iyexp (—p)). The recoil-free
factor is assumed to be one.

time dependence of the transmitted intensity for f = 1 and 8 = 0, 1, 4 is shown in Figure
2. It is evident that self-absorption may alter the result significantly. To determine an
upper limit for the 37Fe impurity in the matrices one expands equation (17)

I=Tgexp (=) (1 —BAtf4+...). (19)
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In order to determine 4A/A with an accuracy of 1075 one requires 8 < 4.1075 or, accord-
ing to (18), N <2.10'3 57Fe atoms/cm?. The tolerable natural Fe impurity in a 1 mg/cm?
matrix is ~107*. From these considerations it is evident that sources using Fe com-
pounds are not feasible, even though they would be preferable from the point of view
of large IS and ease in preparation. The 57Fe concentration in the sources due to the
decaying *?Co is negligible (a 10 uC/cm? source produces per month 10! 3’Fe atoms/
cm?).

Chosen as matrices were: Co, Cu, Auand CoO. A 1 mg/cm? Cu foil was electroplated
from a bath of 1.85 g CuSO, in 10 ml H,0 and 0.83 ml H,SO, (conc.) with a Pt anode.
Similarly, the Co foil was plated from a bath of 0.75 g CoCl,-6H,0, 0.9 g CaCl, and
5 ml H,0 [29]. As cathodes, Fe foils etched with chromic acid were used. Under water
the plated foils could be removed from the backing with a razor blade. The Au foil
(0.1 mg/cm?) was prepared by evaporating Au on a glass plate treated with a detergent
(TEEPOL). It could be separated from the support similarly to the other foils. The
unsupported foils were treated with insulin on an area of 0.1 cm?, then approximately
20 uC 37Co in H,O was added. Insulin helps to avoid the formation of large crystals in
drying. The °7Co was diffused into the foils in flowing H, at temperatures of ~100 C
below the melting point. The foils which were cleaned from undiffused 3’Co were glued
between a mylar and an Al foil. The cobaltous oxide exists in two forms CoO I and
CoO II [30]. The form CoO I shows a narrow Fe?* line in the Mdssbauer spectrum,
contrary to CoO II in which 37Co decays into Fe3*. The radioactive CoO I was prepared
by New England Nuclear in Boston. The powder was put through a 5 um mesh sieve on
a layer of glue and then mounted between Al and mylar foils.

B. Lifetime measurements

The lifetimes of four sources have to be measured and compared with each other
with an accuracy of approximately 10~5, An absolute time measurement of decay times
in the order of 100 ns would be extremely difficult and unfeasible. By alternate measure-
ments of the decay curve of two chemically different samples it is possible to evaluate
the difference of the decay times. Most systematic errors due to non-linearities, drifts
etc., which would influence an absolute measurement, will cancel.

The lifetime of the 14.4 keV level (7 = 142 ns) was measured with the coincidence
arrangement shown in Figure 3. The principle of the measurement is as follows:
A pulse from the 122 keV y-quant, which populates the 14.4 keV level, starts a clock.
The following 14.4 keV y-quant gives the stop signal. As a clock, a time to amplitude
converter, T.A.C., wasused. A subsequent multichannel pulse height analyser produces a
time analysis in the form of a histogram showing the distribution of the analyzed time
Intervals,

In many respects the decay time of 100 ns is well suited for such measurements.
Due to finite rise times, measurements of times shorter than 10 ns require an accurate
knowledge of the resolution. Decay time measurements by the coincidence method of
7> 1 us are difficult, since chance coincidences, which are proportional to the decay
time, limit the source strength and by this the possible statistical accuracy.

The four sources were mounted on the wheel of a sample changer. The reproducibil-
ity of the sample positions was within 0.05 mm. As detectors, 11 in diameter Nal (TI)
crystals mounted on RCA 8575 multipliers were used. The scintillators for the 14.4 keV
and 122 keV y-rays were 0.2 mm and 25 mm thick. Appropriate absorbers before the
122 keV detector helped to reduce the number of false coincidences due to the escape
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of iodine X-rays from the scintillator. The distance between source and detector was
approximately 7 mm. Although the decay time constant of NaI(Tl) (250 ns) is very
long compared to other scintillators — e.g. naton has a time constant of 2 ns — its much
higher light output compensates for this disadvantage. Due to the high counting rates,
resulting in large anode currents, the multipliers had to be operated at only 2400 V.
Specially designed fast amplifiers (Fig. 4) produced the required additional gain for the
anode pulses. The individual photoelectrons cause fluctuations of the anode signal

SAMPLE
CHANGER
AMP. [Dynode ‘ AMP,
s_c_A.’_i Nal (T a i ERCA es7s|v—4 5Lk
122keV 14keV
Anode !
FAST FAST
DIsC. DISC.
T.A.C
Start Stop
SLOW T
I | LINEAR |
: oate [ A D C.|-MEMORY :
| ___T [
Ll cLock I
| M. C.A. |
Figure 3

Setup for measuring the influence of the chemical environment on the decay constant of the 14.4
keV y-transition in 57Fe.

Figure 4
Schematic of the fast amplifiers.

which may result in multiple triggering of the discriminators. This problem, which is
typical for the slow NaI(Tl) scintillators, was solved by the use of a stretcher, built into
the discriminators. The output signals of the discriminators served as start and stop
signal of the T.A.C. (ORTEC 437 A). If within 800 ns after the start pulse a stop pulse
arrives the T.A.C. produces an output signal proportional to the time interval to be
measured. The energy discrimination done by the single channel analyzers (S5.C.A.)
and the slow coincidence circuit helped to decrease the number of chance coincidences.
The pulses from the T.A.C. were fed via a linear gate to the analog to digital converter
(A.D.C.) of a multichannel analyzer (M.C.A.). The time spectra of the four sources were
stored in the four quadrants of the memory of the M.C.A. A quartz clock initiated every
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5 (10) minutes the advance of the sample changer and memory. During the changes
the counting was inhibited. The electronics were temperature stabilized to +0.3 C.
A typical time spectrum accumulated for one of the sources in one day is shown in
Figure 5.
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T T I T I I T s
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Figure 5

A typical decay curve of the 14.4 keV level of 57Fe.

The decay curve is due to true (/) and random (7) coincidences. A random start
pulse causes a coincidence in channel L with the probability

P,(L)=n,d4L exp(—n, L),

where AL is the channel width and #, = #,, + 7,, the stop pulse rate. The factor
e~ "2 takes into account that small time intervals have a higher probability to be re-
corded than large ones. The probability that a true start leads to a coincidence is

P,(L)=Xexp(—-AL)exp(—n, L) AL.

Since in the experiment #,,/#,, ~ 1072 and A > #,, one may write #,, > n,. The total
number of coincidences are then

n(L) =n, P,(L) +n; P,(L)
= (ny,' 7y + 1y, Aexp (—AL)) -exp (—n, L) AL,

where 7, are the start pulses.
The decay curve was therefore fitted to the function

V(L) = (@ + bexp (—AL)) -exp (—n, L). (20)
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At the beginning the rate of stop pulses was for the Au, Co, Cu and CoO source
27,570, 26,550, 25,540 and 27,680 s~ ! respectively. The stop rate correction which could
be made with an accuracy of & 19, has an influence on the final result (4A/A) of ap-
proximately 109,.

By starting the evaluation of the spectra approximately 50 ns after the prompt
coincidences (channel 23) effects due to the finite resolution of the coincidence circuit
and false coincidences from the 8.8 ns level of 37Fe (see Fig. 1) could be neglected.

T
4L - -
o™
3 — —
< 2F N
~
34 .
(=)
<
l —
3 0F
<
S
-1 =
& 1 1 ] ! 1 1
1026 1.028 1.030 1.032 1034 1036
BACKGROUND RATIO  a,,/ ag,
Figure 6

Dependence of 4A/A from the background ratio.

The least square fits of the four spectra to equation (20) resulted in fitted values for
Apws dcor Acy, aNd dcyo and Ayy, Ace, Acy, and Ao Tespectively. The backgrounds were,
in addition, evaluated by averaging the first ten channels of each spectrum (= a;).
One expects that the ratio of the fitted backgrounds a;/a; and the ratio of the measured
backgrounds a;/a} agree. By varying the start and stop channel of the fits, it is possible
to find a relation between 4X,;/A and a,/a; for each pair (see Fig. 6). With this relation
the fitted values (X; — A;)/A were corrected. Differences between the ratios a;/a; and
aj/a; were used, as well as the least square fit errors, as indication for the goodness of the
individual measurements.

Altogether over one hundred values for each of the six results were averaged with

the appropriate weight factor. The six results with the standard deviations are given in
Table II.

Table II

Influence of the chemical environment on the decay constant: The measured relative differences
of the decay constant 4A)/A are given for the various source combinations. The negative sign of
AM/Aindicates a longer lifetime (or smaller electron density at the nucleus) of the 14.4 keV level of
37Fe for the first matrix material given in column 1.

Source 4a x 104
combination

Co0O-Co —6.3+13
CoO-Cu —4.841+14
Au-Co ' —4.44+14
CoO-Au 22415
Au—Cu —344+15

Cu-Co 1.7+ 1.4
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C. Measurement of the isomer shift

The Mossbauer spectra of the four sources were measured before and after the
lifetime measurements. As absorber sodium-ferrocyanide (Na,Fe(CN)q-10H,0)
enriched in *"Fe was used (see Figs. 7 and 8). The center shift of the Méssbauer spectra
1s due to three effects, the IS, the difference of the second-order Doppler effect, and the

Co0O =

SHIFT:1110% 000imm/s
FWHM30.514t0.007mm /s

SHIFT * 0.695 * 0.00'mm/s
FWHM: 0.398 £ 0.003mm/s |

ABSORPTION (%)
]
T

10 E ,7
\ ! SHIFT:0.2825*0.0GImm/s

15 b \ ] FWHM=0.5260.007mm/s |
L
wr L 7
‘V'
25 I 1 ! I ] -
2 1 +0- 1 2

VELOCITY (mmy/s)

Figure 7
Méssbauer spectra of the three single line sources CoO, Au, and Cu. As absorber 0.5 mg/cm? 57Fe
in sodium ferrocyanide was used.

negligible small gravitational red shift. For proper IS one has to correct the measured
center shifts for the second-order Doppler effect. The second-order Doppler shift is

g
Usop = — % : (21)

where (¥?) is the mean square velocity of the atom in the solid. In the Debye model
(v*) is expressed by

ok) OkT [T\ #3
) x> dx
<”>‘—+—(—H | 22)

" 8m m \ @ Ty |
0
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0 is the Debye temperature, 27T the thermal energy and m the mass of one atom. The
corrections for the second-order Doppler shift were determined by measuring the
temperature dependence of the center shift. From this dependence the Debye tempera-

1 T
" T T T T T ]
2 o
i e}
4
o
& c
0
g 6 SHIFT = 0.071 ¢ 0.002mm /s ™
g H(O) a2 -318 ¢ 2kOe
< FWHM = 0461 + 0.006mm/s
81— el
10 ] 1 | ] [ ] |
6 4 2 +0 - 2 4 [
VELOCITY (mm/s)
Figure 8

Mossbuaer spectrum of 57Co diffused into Co.
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Figure 9

Temperature dependence of the center shift in CoO, Au, Cu, and Co. The curves correspond to the
Debye model.

ture for the Fe atom in the various host lattices could be calculated by the use of
equations (21) and (22). The result of these measurements with the calculated Debye
temperature is shown in Figure 9. The Debye temperatures of Cu and Au are in agree-
ment with values given by Steyert and Taylor [31]. One may attempt to compare the ¢
value of CoO I (6 = 280 K) with the value given by Ok and Mullen (6 = 510 K) [28],
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a value determined from f measurements. It should be remarked that the Debye
temperature determined from shift measurements may be different from 6-values
determined from the recoil-free fraction f. Thisis due to the fact that f values are related
to the mean square displacement (x?», which is weighted toward lower frequency
phonons than is (v?). Probably due to the high frequency optical modes of vibration
in salts, one finds that Debye temperatures are usually higher for (v?> data than for

Table ITI

Determination of the isomer shift from the center shift: The measured center shifts of the Méssbauer
spectrahad to be corrected for the second-order Doppler shift. The corrections are due to the different
Debye temperatures of the sources to be compared. The positive sign of the isomer shift indicates
that the first source in the combination (column 1) has the higher y-transition energy.

Center Second-order Isomer
Source shift Doppler shift shift
combination (mm/s) (mm/s) (mm/s)
CoO-Co +1.040 + 0.005 —0.006 + 0.004 +1.034 + 0.007
CoO—Cu +0.827 + 0.004 ~0.012 £ 0.003 +0.815 + 0.005
Au-Co +0.625 + 0.004 —0.011 £+ 0.003 +0.614 + 0.005
CoO-Au +0.415 + 0.004 +0.006 £ 0.003 +0.421 + 0.005
Au-Cu +0.413 + 0.003 —0.013 £ 0.002 +0.400 £ 0.004
Cu—Co +0.213 £ 0.004 +0.007 £+ 0.003 +0.220 £ 0.005

{x*) data. Extreme examples of these differences were shown by Lafleur and Goodman
(32]. They found, e.g., for potassium ferrocyanide 6,,2, = 716 + 40 K and 4,2, = 184 +
3 K.

The measured center shifts, the second-order Doppler shift corrections and the
IS of the four sources are summarized in Table III.

D. The calibration constant

The proportionality of 4A/A and the IS is shown in Figure 10.

0 0.2 0.4 0.6 0.8 1.0
ISOMER SHIFT ( mm/s)

Figure 10
Proportionality of the difference in the decay constant and the isomer shift.
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The results of the IS measurements (Table ITI) and the lifetime measurements
(Table III) give, according to equation (10), for the calibration constant,

AR
? =—31+ 0.5)- 104,

The error quoted includes the experimental errors (0.32) due to all experimental
uncertainties and an estimated systematic error of (0.2) which is mostly due to the
uncertainty in |(0)]%. '
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