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L INTRODUCTION

Since the first paper reporting the discovery of iso-
mer shifts appeared in 1960, their study has com-
prised a fast-growing area of modern physics. There
are at present about 50 papers dealing with isomer
shifts in the literature, and the number is rapidly in-
creasing. The particular attraction of these shifts is
that they provide a means for measuring the product
of two quantities which are completely inaccessible to
other experimental techniques. These quantities are,
of course, the differential 2pth moment of radial
charge for two nuclear isomers and the differential
electron density, evaluated at the nucleus, for an
atom in two chemical environments. The first consti-
tutes an interesting independent datum for compari-
son with nuclear models. The latter gives a unique
measure of the role of s electrons in chemical bonds,
and thus provides a physical foundation for the chem-~

10. C. Kistner and A. W. Sunyar, Phys. Rev. Letters 4,
412 (1960).

ical concept of ionic character, both in ordinary com-
pounds and in metals.

Any theoretical discussion of isomer shifts is heav-
ily indebted to the theory of isotope shifts, which has
been developed since 1931 in connection with atomic
spectroscopy.?® In the next section a derivation of
equations useful in interpreting isomer shifts is out-
lined, following isotope shift theory quite closely. The
present and potential applications of isomer shift
measurements to chemistry and metal physics are
discussed in Sec. ITI, and some conclusions that are
emerging about chemical bonds are pointed out. In
Sec. IV an equation relating isomer shifts to nuclear
deformation is given and applications to the study
of various types of collective nuclear excitation are

2 J. H. Bartlett, Nature 128, 408 (1931).

3 G. Racah, Nature 129, 723 (1932).

4J. E. Rosenthal and G. Breit, Phys. Rev. 41, 459 (1932).

5 G. Breit, Phys. Rev. 42, 348 (1932).

6 E. K. Broch, Arch. Math. Naturvidenskab. 48, 25 (1945).

7A. R. Bodmer, Proc. Phys. Soc. (London) A66, 1041

(1953).
8 G. Breit, Rev. Mod. Phys. 30, 507 (1958).
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discussed. Section V contains a short summary of

present limitations of the method.

II. THE THEORY OF ISOMER SHIFTS

The simplest zero-order theories of atomic struc-
ture start with Z electrons in the Coulomb field of a
point nucleus. After this problem has been treated by
approximate methods, and electron—electron inter-
actions have been satisfactorily dealt with, perturba-
tion theory may then be used to derive the hyperfine
structure, leading ultimately to a spin Hamiltonian.?
One of the important perturbations is the effect of
finite nuclear volume. This produces, in the magnetic
dipole and electric monopole components of electron—
nucleus interaction, shifts that are manifest as the
hyperfine structure anomaly from the former, and
as isomer and isotope shifts from the latter. Thus, of
the monopole interaction, only the small fraction
arising from distortion of the Coulomb potential
within the nucleus appears as a change in, for ex-
ample, the binding energy of an s electron, and the
observable isomer shift, which arises from the differ-
ence between the nuclear volumes of two isomeric
states, is a very small fraction of this change. For two
isomeric states of equal size the very large energy
shifts due to finite nuclear volume would exactly
cancel for any source and absorber, and the resonance
would always appear at zero Doppler velocity.

A. Nonrelativistic Theory

For simplicity the nuclear charge distribution will
be taken as uniform for r < R, the nuclear radius,
and as zero for r > R. Thus equations will be given
which, when compared with experimental data, yield
the fractional change in charge radius, 6R/R, of the
uniform charge distributions that are ‘‘equivalent”
to the true charge distributions of the real isomeric
states. When comparing this quantity with a specific
nuclear model, one must first find the uniform charge
distribution which produces a shift equivalent (i.e.,
giving the same 2pth moment of radial charge, as
shown below) to that given by the model. The prob-
lem of charge distributions in relation to isotope
shifts has been discussed by Rosenthal and Breit!
and by Bodmer.”

Isotope-shift theory has been derived in two ways:
by perturbation methods®* and by direct calcula-
tion.®” The perturbation theory derivation is out-
lined below. It should be noted that the perturbation

9 A. Abragam and M. H. L. Pryce, Proc. Roy. Soc. (London)
A205, 135 (1951).
( 10 Jj Eisinger and V. Jaccarino, Rev. Mod. Phys. 30, 528
1958).

result is too high, by as much as 309, for heavy ele-
ments. A correction factor is given in Sec. IT C.

The perturbation Hamiltonian is just the differ-
ence between the potential arising from a uniform
charge distribution within the nucleus, V(r) =
(Ze*/R) [—% + % (r/R)?], and the potential produced
by a point nucleus at the origin, —Ze?/r. Outside the
nucleus both potentials are Coulombic and the per-
turbation disappears. In a nonrelativistic approxima-
tion the s electron density within the nucleus, ¢*(r),
is essentially constant and may be approximated by
¥2(0). The shift is extremely small in this approxima-
tion for all but s electrons [¢§(0) = 0 for I & 0], but
for relativistic pi/e electrons this is no longer true.
Integrating the perturbation over the nuclear vol-
ume, the energy shift, due to finite nuclear size, of an
s electron is

AE = 2 7 ZRWA(0)

and the resonant Doppler velocity in MoOssbauer ex-
periments is

4_7@_13_6[2“0) ~ pr(O)] [ ] )

The sums are taken over electron density in source
and absorber. The symbol 6R denotes Rexcitea
— Rgound, and the velocity is taken as positive for
absorber moving toward source. This approximation
is fairly accurate for very light elements. For heavy
elements, relativistic corrections of up to a factor of
10 must be applied. Before evaluating these correc-
tions we discuss the determination of y¥2(0).

B. Evaluation of {?*(0)

Only the valence s electrons are usually considered
in isomer shifts because the inner s electrons are af-
fected much less by chemical bonding (they are, how-
ever, shielded by the valence electrons). Outer elec-
trons are strongly shielded from the nucleus and
¥?(0) can be obtained only by approximate methods.
The simplest of these is the use of the Fermi—Segré
formula'

'pm (0) =

zzo (1 da) @

™ ao’ﬂg dn
Here Z; is the internal effective nuclear charge, usu-
ally taken as Z; Z, is the external charge felt by the
valence electron, taken as (1 + m), where m is the
charge on the atom orion;n, = n — o is the effective

1 H. Kopfermann, Nuclear Moments, English edition,
translated by E. E. Schneider (Academic Press Inc., New
York, 1958).

12 E Fermi and E. Segré, Z. Physik 82, 729 (1933).



quantum number; and ¢ is the quantum defect. A
discussion of the validity and accuracy of this equa-~
tion has been given by Breit.® The parameters in Eq.
(2) may be obtained from optical spectroscopic data.
An alternative method for determining ¢2,(0) is the
comparison of the atomic hfs constant a,, with the
known nuclear moment, using the relation

e = & mathcR o gia.(0)K (Z) . 3)

This equation may be obtained by combining Eq.
(2) with Eq. (26.24) given by Kopfermann.!! Here
gr is the nuclear g factor in Bohr magnetons and
K(Z) is the product of three corrections given by
Kopfermann: a relativity correction F.(j,Z;), the
Breit—Crawford—-Schawlow correction for distributed
electron magnetism, (1 — 3§), and the distributed-
nuclear-magnetism correction, (1 — ¢). K(Z) varies
from 1 for the lightest elements to over 2 for the
heaviest. Evaluating the natural constants we find

¥a(0) = 2.54 X 10”[an/K(Z)g em™,  (4)

with @, in em™ and with g; now in nuclear magne-
tons. By the use of Eqgs. (2) and (4), ¢2.(0) has been
calculated from optical data®® for several elements as
free atoms (Fig. 1). We note: (1) There is reason to
expect large isomer shifts from the y¥?(0) factor alone,
and (2) care should be taken, when applying these
data to compounds, to account for screening effects,
illustrated for the case of 6s electrons by the points
for unipositive ions, which are higher than those for
the same neutral atoms.

The values of ¥?(0) in Fig. 1 are directly useful for
optical isomer or isotope shift measurements on free
atoms. For isomer shifts in solids, however, some
modifications must be made. The next simplest case
after atoms, namely, pure metals, is already quite
complicated, and only in a few cases is ¥2(0) known
accurately. In the Knight shift, the density, evalu-
ated at the nucleus, of s (conduction) electrons on
the Fermi surface, |¢»(0)[?, is related to the fre-
quency shift by

Av/ve = § mx6lvr(0)[* . (5)

The experimental shifts may be compared with the
Pauli spin susceptibility, x,, to yield |¢#(0)[>. Phys-
ically the ratio § = |¢#(0)[>/¢4(0) might be expected
to be less than 1 (here A denotes ‘‘free atom”).

13 References to optical hyperfine structure data are con-
veniently found in nuclear moment tabulations. A particularly
thorough tabulation, covering the literature up to about 1957,
is given by G. Laukian in Handbuch der Phystk (Springer-
Verlag, Berlin, 1957), Vol. 38, Part 1, p. 338. Other useful data
were found in Refs. 11 and 17.
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Kohn' and Kjeldaas and Kohn'® have calculated &
for the 2s electron in Li and the 3s electron in Na,
finding £.; = 0.49 and £v. = 0.80, compared with the
values £n; = 0.44 and £x. = 0.70 deduced from Knight
shifts.

For metals, in general, and for chemical com-
pounds, rather approximate methods must be used in
estimating electron densities. These will, however,
nearly always be based on or related to the atomic
densities. Inasmuch as the Coulomb potential of its
own ion core is always a large part of the total po-
tential felt by an outer electron, the free atom elec-
tron density is probably always a fair first approxi-
mation. If the electron density in a metal must be
estimated in the absence of any relevant data, a
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F1c. 1. Nonrelativistic density at the nucleus of valence s
electrons in free atoms in the neutral (filled circles) and +1
(open circles) oxidation states. Data are representative rather
than complete. In several elements more than one value was
obtained for y¢2(0), using different configurations. In these
cases the lowest values are most relevant to isomer shift dis-
cussions as they represent maximum shielding of the valence
s electron [thus the configuration (n — 1)d=*lns is preferred
over the configuration (n — 1)d= ns np or (n — 1)d*ns(n + 1)s
for obtaining the ¢Z,(0) that is appropriate here]. The alkalis
are interconnected by a solid curve, as are the IB metals
(Cu, Ag, Au). Dotted curves intraconnect the 5s and 6s electron
series. Decrease of slope through the rare earths may be ex-
plained as arising from the more complete shielding of 6s
electrons by 4f electrons.

factor of =0.7 for & = |¢(0)[?/¢¥%(0) might provide
a better approximation (here ¢ is defined for elec-
trons not necessarily on the Fermi surface). Some
empirical evidence for this choice is available from
isomer-shift data on metals.

C. Relativity Corrections and Shielding

The electron density is very substantially modified
by relativistic effects. Racah® and Rosenthal and

14 W. Kohn, Phys. Rev. 96, 590 (1954). .
15T, Kjeldaas and W. Kohn, Phys. Rev. 101, 66 (1956).
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Breit* found solutions to the Dirac equation for an
electron in the Coulomb field of a point nucleus, ob-
taining for the electron density near the nucleus

(20 + 1)

where y = 2Zr/a, and p = (1 — a?Z?)'’2. Here ¥*(0)
is the nonrelativistic electron density: As Z ap-
proaches zero, for light elements, p approaches 1 and
P(r) approaches ¥*(0).

Integrating the perturbation potential, weighted
with P(r), over space, the energy shift, for an s elec-
tron, due to finite nuclear volume becomes

P(r) = , (6)

_ 61erag(1 + p)¢2(0) y2p
Zp(o+ 1)(20 + )P 2 + 1)

Here y, is y(r = R). After differentiation and substi-
tution we obtain for the isomer shift

B 47rZe2R2){
0AE = ( 5he

(@)

30(1 + p)ye”” }
(20 + 1)(20 + 3)T°(20 + 1)

x o [ 2£].

The energy unit here is em™ and this equation may
be compared directly with optical isomeric shifts.
The right-hand side is written as the product of four
factors so that it may easily be compared with the
nonrelativistic expressions. These factors are, from
left to right:

(1) A “constant factor,” containing constants and
the nuclear radius. Using the relation R = 1.20 A*® F,
this factor becomes, in cm?, 4.20 X 107 ZA4253,

(2) A dimensionless “relativity factor’” which ap-
proaches 1 as p — 1, for low Z. Apart from the y&2
portion, this factor is a purely mathematical function.
The entire relativity factor, which we shall denote
as S(Z), is tabulated in Table I. We have evaluated
Yo by using the relationship B = 1.20 4'”® F and
choosing A(Z) along the line of @ stability. This
choice of 4 introduces an error of less than 19, into
the factor.

(3) An “electronic factor,” the electronic density
difference for the optical electron, in units of em™,.
This factor contains all the chemical information.

(4) A dimensionless ‘“nuclear factor” which con-
tains all the nuclear information about the isomeric
pair.

Equation (9) may be rewritten in a form directly
applicable to M ossbauer resonance experiments. The
Doppler velocity at resonance is given by

®)

X (-‘%R) . ©)

Here the sign conventions are the same as for Eq.
(2), to which this reduces as S(Z) approaches 1 in
the nonrelativistic limit. With E, in keV, the con-
stant factor in Eq. (9) is 15.6 X 1072 ZA%? E;!
cm*/sec. Refinements to Egs. (8) and (9) are given
below.

The above derivation makes use of first-order
perturbation theory to introduce the effect of finite
nuclear volume. As Breit has pointed out,**® this ap-
proach is somewhat inaccurate because of wave-func-
tion distortion near the origin. Broch has done the
problem directly® and Bodmer’ has evaluated the
shift, following Broch, using a series expansion in
a = oZ. He has given an expression for the ratio of
O0AE to (8 AE)per, which we may regard as a correc-
tion factor for the relativity factor, to terms in a®.
We write this

8'(Z) _ 202+ 1)(2p +3)
S8(Z) 3(L + p)

1 — (p+ D[(2/5)(1 + 0.106a’+ 0.01050*)]
1+ (o — 1)[(2/5)(1 4+ 0.106a’+ 0.01054")]
(10)

This ratio is tabulated in Table I. The corrected
relativity factor S’(Z), rather than the perturbation
value 8(Z), should be used in Egs. (8) and (9).

Valence s electrons shield the inner s electrons from
the nuclear charge to a slight extent.’® The value of
¥%(0) for the inner s electrons is so large that even an
extremely small fractional shielding produces a large
decrease in ¢?(0). Crawford and Schawlow'® calcu-
lated an approximate correction factor of 1.16 for
this effect in the case of the 6s electron of Hg. About
half of this effect arises from shielding of the 5s?
shell. Thus one might expect that this correction
factor would not vary much among the heavy ele-
ments. This shielding effect is essentially independent
of the chemical environment.

A shielding effect that varies with chemical en-
vironment is shielding of outer ns electrons by
(n — 1)d, ns, and np electrons. Brix and Kopfer-
mann' estimate this effect as ~209, for 5d or 6s

16 M. F. Crawford and A. W. Schawlow, Phys. Rev. 76,
1310 (1949).

17 P. Brix and H. Kopfermann, Rev. Mod. Phys. 30, 517
(1958).



electrons shielding 6s electrons, and as ~109, for 6p
electrons shielding 6s electrons.

In comparing Egs. (8) and (9) with nuclear models
it must be remembered that the shift really depends
on the 2pth moment of radial charge [Eq. (7)]. The
quantity §R/R refers to an equivalent uniform charge
distribution and is used only for convenience.

III. CHEMICAL INFORMATION FROM
ISOMER SHIFTS

The electronic factor in Eq. (9) is the only one
which can be varied for a given isomeric pair. By
varying this factor one may study the effects of en-
vironment on the electron density at the nucleus.
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Already a considerable amount of qualitatively new
chemical information has emerged from such studies.
We discuss below some applications of isomer shifts
to (A) ordinary chemical compounds, (B) metals, and
(C) intermetallic compounds. It should be noted that
these distinctions, while customary, are somewhat
artificial. Although the very simplest models that are
used to describe these three types of solids make them
appear to be quite different, there are also very basic
similarities, such as a definite stoichiometry and
well-defined chemical bond distances and angles.
These similarities are manifest in the isomer shift,
which does not behave very differently in metals and
in compounds.

TasLe I. Relativity Factors.

z S8(zy 8(2)18(z)» ¥(0) Z 8(Z) 81(2)18(Z) ¥i0)
1 1.00 1.00 0.022 49 2.40 0.93 0.98
2 1.00 1.00 50 2.48 0.93
3 1.00 1.00 0.016 51 2.56 0.93
4 1.00 1.00 52 2.65 0.92
5 1.01 1.00 53 2.75 0.92 0.17
6 1.01 1.00 54 2.85 0.92 0.21
7 1.02 1.00 55 2.95 0.91 0.19
8 1.03 1.00 56 3.05 0.91
9 1.04 1.00 57 3.17 0.91 0.27

10 1.05 1.00 58 3.30 0.90

11 1.06 1.00 0.051 59 3.44 0.90

12 1.07 0.99 60 3.57 0.89

13 1.08 0.99 61 3.71 0.89

14 1.09 0.99 62 3.84 0.89

15 1.10 0.99 63 3.99 0.88 0.43

16 1.12 0.99 64 418 0.88

17 1.13 0.99 65 4.39 0.87

18 1.15 0.99 66 4.59 0.87

19 1.17 0.99 0.073 67 4.79 0.86

20 1.18 0.99 68 5.00 0.86

21 1.20 0.99 69 5.23 0.85

22 1.22 0.99 70 5.49 0.85 0.54

23 1.24 0.99 71 5.71 0.84

24 1.27 0.98 72 5.98 0.84

25 1.29 0.98 73 6.26 0.83

26 1.32 0.98 74 6.58 0.83 0.71

27 1.34 0.98 75 6.96 0.82 0.81

28 1.37 0.98 76 7.29 0.82 0.88

29 1.40 0.98 0.16 77 7.67 0.81 0.98

30 1.43 0.98 78 8.10 0.80 1.17

31 1.45 0.97 79 8.55 0.80 1.34

32 1.49 0.97 80 9.01 0.79 1.62

33 1.52 0.97 81 9.50 0.79

34 1.56 0.97 82 10.1 0.78

35 1.60 0.97 0.14 83 10.6 0.77

36 1.64 0.96 0.17 84 11.2 0.77

37 1.69 0.96 0.14 85 11.9 0.76

38 1.73 0.96 86 12.6 0.76

39 1.78 0.96 87 13.4 0.75

40 1.83 0.95 88 14.1 0.74

41 1.88 0.95 89 15.0 0.73

42 1.93 0.95 90 16.0 0.73

43 1.99 0.95 0.39 91 17.1 0.72

44 2.05 0.94 92 18.2 0.71

45 2.11 0.94 0.49 93 19.4 0.70

46 2.18 0.94 94 20.7 0.69

47 2.25 0.94 0.53 95 22.0 0.68

48 2.32 0.94 0.76 96 23.6 0.67

a 19, accuracy.
b 1% accurac;

Ve
o Units of 10?°cm™. Values are for outer s electrons on free atoms, and are representative only. Accuracy is about 10%.
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A. Isomer Shifts in Compounds

Since only the product of the electronic and nu-
clear factors is directly measurable, the first problem
in interpreting the shifts for a given isomeric pair is
the estimation of the relative importance of each
factor. This must usually be done without the aid of
any very rigorous theoretical guides because of the
extreme complexity of the systems. In using some of
the more empirical methods of chemistry it is well to
remember that:

(1) Molecules and solids are not simply collections
of atoms or ions. Although we often use atomic or-
bitals to discuss properties of electrons in molecules,
this treatment is quite approximate, and its accuracy
is difficult to assess.

(2) A study of the effect of variation of a chemical
parameter is often subject, if made on only one or
two compounds, to the criticism that the observed
result was accidental. Thus it is always advisable to
perform such studies systematically on several com-
pounds.

Several isomer shifts in tin compounds are discussed
below to illustrate the problems that arise in an
analysis of this type. The original analysis of Sn'*®
shifts, from which this discussion does not differ im-
portantly, was given by Boyle, Bunbury, and Ed-
wards.”® The shifts are plotted, in Fig. 2, against the
electronegativity parameter for the ligand. This
parameter was derived by Pauling from diatomic-
molecule bond energies'® and has been found to be
strongly correlated with ‘“ionic character,” as de-
duced from electric dipole moments®* and from quad-
rupole coupling constants,® of diatomic molecules.
The data in Fig. 2, obtained by several groups,8-22-2

18 A. J. F. Boyle, D. St. P. Bunbury, and C. Edwards, Proc.
Phys. Soc. (London) 79, 416 (1962).

19 1. Pauling and D. M. Yost, Proc. Natl. Acad. Sci. U.S.
18, 414 (1932); L. Pauling, J. Am. Chem. Soc. 54, 3570 (1932).

20 L. Pauling, The Nature of the Chemical Bond (Cornell
University Press, Ithaca, 1960), 3rd ed.

21 For a recent discussion see C. H. Townes, in Handbuch
der Physik (Springer-Verlag, Berlin, 1957), Vol. 38, Part 1,

. 443.

P V. A. Bryukhanov, V. I. Goldanskii, N. N. Delyagin,
L. A. Korytko, E. F. Makarov, I. P. Suzdalev, and V. S.
Shpinel, Zh. Eksperim. i Teor. Fiz. 43, 448 (1962) [English
transl.: Soviet Phys.—JETP 16, 321 (1963)].

V. A. Bryukanov, N. N. Delyagin, A. A. Opaluko, and
V. S. Shpinel, Zh. Eksperim. i Teor. Fiz. 43, 432 (1962)
[English transl.: Soviet Phys.—JETP 16, 310 (1963)].

24 A. Yu. Aleksandrov, N. N. Delyagin, K. P. Mitrofanov,
L. 8. Polak, and V. 8. Shpinel, Zh. Eksperim. i Teor. Fiz. 43,
(1242 (1962) [English transl.: Soviet Phys.—JETP 16, 879
1963)].

25 Q. C. Kistner, V. Jaccarino, and L. R. Walker, in Pro-
ceedings of the Second International Conference on the Miss-
bauer Effect (John Wiley & Sons, Inc., New York, 1962), p.
264

26 M. Cordey-Hayes (private communication).

are in good agreement for all the tetrahalides of Sn
except Snl,. A smooth curve can be drawn through
the data for the tetrahalides and gray tin, suggesting
that so long as the bond angles are the same (tetra-
hedral), the isomer shift is quite insensitive to
whether the ligands are the same element or a dif-
ferent one. To calibrate the isomer shift scale in terms
of electron density we reason as follows.

Fluorine is the most electronegative element and,
more important, it is over two units more so than
tin. Thus the Sn—F bonds in SnF; are probably quite
ionic, with a net positive charge on the Sn. This does
not indicate a priors that the electron density is lower
on Sn in SnF, than, for example, in SnBr,; the bond-

Fic. 2. Isomer shifts

(relative to SnOz) vs 5 T T T T
electronegativity for sev- o

eral tin compounds. The °

ligands (electronegativi-
ties) are: Sn(1.8), 1(2.5), o
Br(2.8), CI(3.0), F(4.0),
and several organic com- 4
plexes (filled circles).
The electronegativity of
carbon is 2.5. A curve
connects four organic
complexes of the type
B2SnX,, where (B =
butyl, X = a halogen),
plotted against the elec-
tronegativity of X. The
two filled circles at 2.5
are SnB4(top) and tetra-
phenyl tin. The shifts
above 3 mm/sec are
those of stannous com-
pounds; the rest are for
stannic compounds. Note
that only the stannic
halides show a system-
atic large variation of
shift with electronega-
tivity. The shifts for 0
compounds in which tin

is bonded to carbon are

all nearly the same. | L 1 L

Isomer shift from Sn O, (mm/sec)

Several points are given 2 3
for each of the tin halides Electronegativity
(Refs. 18, 22-26).

ing must be understood in order to attach a sign to
the change in ¢?(0). Atomic tin has the configuration
(4d®) (5s?) (5p°). In gray tin an s electron must be
promoted to the p shell and the atom sp® hybridized.
Thus the 5s electron density in Sn (gray) must be
lower, by about half, than in free atomic tin, but
higher than in SnF,, in which Sn tends toward
Sn** (4d°). This might be regarded as a “normal”
shift, in which ¥2(0) for tin is decreased as electrons
leave the tin atom. “Reversed” shifts, in which ¢?(0)
for tin decreases (increases) as electrons are added,
(withdrawn) are well known in Fe” and have re-

D000



cently been invoked? to explain shifts in I'**. Here as
5p electrons are taken from I-(5s*5p%), the 5s elec-
trons are shielded less and ¢*(0) increases. Probably
divalent Sn has reversed shifts in going from the co-
valent s%p? to the ionic s* configuration.

From an electronegativity—ionic character correla-
tion discussed below one may estimate that Sn in
SnF, is ~859%, ionic. An approximate value for ¥Z,(0)
for neutral Sn in the configuration 5s5p* ns may be
obtained by extrapolating the 5s curve in Fig. 1. This
gives ¥2,(0) = 1.20 X 10%cm™, with a probable error
of a few percent.”® The isomer shift of 2.48 mm/sec
between SnF, and gray tin thus corresponds to an
electronic factor of about 1.02 X 10%cm™ (i.e.,
0.85 X 1.20 X 10%, We have assumed that gray tin
and SnF, have electron configurations equivalent, for
these purposes, to sp® and 0.15(sp?), respectively). A
valence—electron shielding correction need not be
made because it should not be very different from
that in the atomic configuration. A correction factor
of ~1.16 might be estimated for shielding of inner s
electrons. This factor can be calculated, after Craw-
ford and Schawlow,'® although we have not done so
here. We may now use Eq. (9), with » = 0.25,
E, = 23.8, S'(Z) = 2.30, and a corrected electronic
factor of 1.18 X 10%cm™3. From this we obtain
SR/R = 1.16 X 107, in good agreement with the
values obtained by Boyle et al.,”® and by Cordey-
Hayes®™ (1.1 X 10™ and 1.2 X 107 respectively).
Although the final results agree, the three analyses
differ somewhat in detail. For example, the assump-
tion of purely ionic bonds in SnF, would have led to
a 6R/R of 1.37 X 107 in this analysis. The final val-
ue of 8R/R is probably accurate to within about
+30%.

For the dihalides the data are more scattered, the
crystal structures are unknown, and the bonding may
be quite complicated. Still another estimate can be
made of 6R/R. Stannous chloride has the highest
shift, falling at +4.7 mm/sec relative to SnQ,. The
ionicity of the Sn—Cl bonds in SnCl, might naively
be estimated as follows: Tin is usually considered
about 0.1-0.2 units less electronegative as Sn?* than
Sn**. From Fig. 3 (discussed below) we can estimate
the Sn—Cl bond in SnCl, as ~429%, ionic. This agrees
very well with Schawlow’s estimate of 389, deduced
from quadrupole coupling data on the chlorine

27 H. DeWaard, G. De Pasquali, and D. Hafemeister, Phys.
Letters 5, 217 (1963).

28 Note that this agrees with the value of 1.5 X 1028 given for
Sn IV by Boyle et al., if the 209, shielding for two 5p electrons
is taken into account. We use our shielded value throughout,
obviating the necessity of shielding corrections.
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nucleus.”® Correcting for the smaller electronega-
tivity of Sn** (using the slopes of the curves in Fig.
3), we might say that the stannous chloride Sn—Cl
bonds were ~509, ionic. Then completely ionic
Sn?*(5s*) would fall, by extrapolation, at ~ +7.3
mm/sec, or 5.2 mm/sec from gray tin. This estimate
for the shift accompanying the gain of a 5s electron
(sp* — &) in going from gray tin to Sn** disagrees
badly with the above estimate of a shift of —2.9
mm/sec on losing a 5s electron (d'sp* — d'°) in going
from gray tin to Sn**, and would yield a value of
SR/R 80% higher than the above estimate.

Sn I
T

Br Cl F
T

40

20

Isomer shift from Sn O, (mm/sec)

Percent ionic character (Townes)
-

Percent ionic character (Pauling)

I
I
(o]

Electronegativity

Fi16. 3. Isomer shifts vs electronegativity for stannic halides.
The solid (dashed) curves are after those of Pauling (Ref. 20)
[Townes (Ref. 21)] for diatomic alkali halides. The curves
were fitted at gray tin and SnF,.

Fortunately this discrepancy is only apparent. The
electronegativity is a parameter that can safely be
used only in discussing an isomorghous series of com-
pounds, in which the bonding may vary in ionicity,
but not in bond type. Stannous chloride is probably
almost completely ionie, according to other chemical
evidence. For example, molten SnCl, exhibits elec-
trolytic conductivity. Molten SnCls does not.*® Thus
a better estimate of the isomer shift accompanying
the change (sp® — %) is +2.6 mm/sec, only 109,
different from the shift estimated from the stannic
compounds. One can, of course, turn the argument
around and use the SnCl, shift as an argument for
the ionicity of this compound.

In Fig. 3 are plotted the isomer shifts for gray tin
and the stannic fluorides. Two curves are drawn
through the data, representing percent ionic char-
acter vs electronegativity difference, after Pauling®

29 A. L. Schawlow, J. Chem. Phys. 22, 1211 (1954).

30 W. Hiickel, Structural Chemistry of Inorganic Compounds,
(Elsevier Publishing Company, Inc., Amsterdam, 1950), Vol.
1, p. 335.
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and Townes. The data favor neither curve (nor
should they), but are in reasonable accord with both.
To the extent that the curves and the data agree,
this constitutes an independent indication that the
concept of percent ionic character has some fairly
general empirical significance. It should be empha-
sized that isomer shifts are independent in that they
measure primarily the s-electron density, in contrast
to electric dipole moments (measuring s- and p-elec-
tron distribution) and quadrupole coupling constants
(measuring p-electron unbalance) from which the
curves were derived. Of course we are also studying
bonds in AB;, rather than diatomic, molecules. It is
gratifying that estimates of ionic character in the
stannic halides agree well with Schawlow’s estimates,
which were deduced from quadrupole coupling con-
stants of the halides.

Few isotopes are likely to yield as readily to
analysis as did Sn'*®. Often, however, we are able to
draw chemical conclusions that would have been
only conjectures without isomer shifts. An illustra-
tion is provided by the shifts in Eu'®. Atomic and
ionic Eu have the configurations Eul 4f76s?, EullIl 4f7,
EulV 4f°. One might expect these configurations to
correspond, respectively, to metallic Eu, divalent,
and trivalent Eu compounds, but the solid state isn’t
this simple.

We might more accurately represent the electron
densities in these three oxidation states as 41755%6s%,
4175565, and 4f°5s®. The 5s* shell is written explicitly
because this shell is shielded substantially from the
nucleus by the 4f shell, and in going from 417 to 4f°a
substantial change in this shielding is produced,
leading to an important contribution of the 5s elec-
trons to the isomer shifts. In fact, the shift in the
metal (—0.82 cm/sec) falls between EuO (—1.1
cm/sec) and Eu:0; (zero),* indicating that z is
greater than y. The fact that the EuO shift is not as
large as that in some Eu?** compounds indicates that
y > 0. A detailed analysis of shifts together with in-
ternal fields gives = 1. Coulson et al.?? have studied
bonding in some Group II-Group VI compounds and
have found that charges of 40.5 may be associated
with the cations. In the light of these calculations, it
is perhaps not surprising if EuO is not completely
ionic.

An isotope for which the sign of the calibration
isn’t established is Au'”. In Fig. 4 the isomer shifts,

31 R. B. Frankel, H. H. Wickman, and D. A. Shirley (un-
published data).

32C. A. Coulson, L. B. Redei, and D. Stocker, Proc. Roy.
Soc. (London) A270, 357 (1962).

relative to platinum, for several gold halides®™* are
displayed against electronegativity. The general
trend is toward negative velocities with increasing
ligand electronegativity. The aurous halides prob-
ably are sp hybridized, leading to ‘“normal” shifts,
and suggesting that electron density on Au increases
with increasing isomer shift. The bonding in auric
halides is not understood, but it seems probable that
the Au atom has more 5p electrons in AuCl; than in
AuCl. The small component of a relativistic pi/: elec-
tron is s-like, and the 6p shell contribution to
2 ¢*(0) is approximately («Z)? = 0.3 times that of
the 6s shell. The shift from AuCl to AuCl; may arise
largely from the p electrons, although this can only
be decided when the hybridization of the auric
halides is understood.
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Fia. 4. Isomer shifts in several gold compounds, relative to
a Au-in-Pt source, from Refs. 33 and 34.

Iron-57 isomer shifts have been measured in many
compounds and only a few general features are men-
tioned here. For ionic configurations in which the
electrons of iron follow Hund’s rule, the isomer shifts
are the reverse type. The 3s electron density is in-
creased as 3d electrons are withdrawn from iron,
thereby lessening their shielding effect.?® In spin-
paired complexes 3d electrons may be delocalized by
d. bonding. As the strength of d, bonding increases
(on changing ligands), the shielding by 3d electrons
is decreased and again the 3s-electron contribution

q 3 I){ W. Grant, D. A. Keller, and D. A. Shirley (unpublished
ata).

3¢ 1. D. Roberts, H. Pomerance, J. O. Thomson, and C. F.
Dam, Bull. Am. Phys. Soc. 7, 565 (1962).

35 L. R. Walker, G. K. Wertheim, and V. Jaccarino, Phys.
Rev. Letters 6, 98 (1961).



to ¢2(0) goes up. Danon has analyzed the isomer
shifts for several iron complexes on this basis.®

B. Metals

It is possible to measure the contribution of outer
s electrons to ¥?(0) in metals using isomer shifts, but
rather careful calibration with compounds is first
necessary. It has been found that the 4s electron
density in metallic iron is approximately equal to
that from one free-atom 4s electron. Gray tin has a
5s electron density about equal to that of one 5s
electron, as does white tin. As discussed above,
europium has the equivalent of about one 6s electron.
With careful measurements and more sophisticated
interpretations it should be possible to improve the
accuracy of these figures and to extend them to sev-
eral other metals.
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Fi1a. 5. Isomer shifts relative to a gold metal absorber, of
sources of gold dissolved in various metals, in very dilute
solution. After Barrett et al. (Ref. 37).

Another interesting area is the study of electron
densities at impurity atoms in metals. The assump-
tion has often been made that impurity atoms have
substantially the same ‘“‘conduction’ electron densi-
ties (with possibly a slight renormalization for cell
size) in other hosts as they do in the pure metals.
However, Barrett et al.®” have shown that the isomer
shifts for Au' in nineteen metallic hosts are very
substantial, corresponding to the transfer of up to
0.5-1.0 6s electron in such electropositive hosts as Li
and Ca. In fact, the shifts are strongly correlated
with electronegativity, indicating the existence of
specifically chemical effects in metals (Fig. 5). More

36 J. Danon, J. Chem. Phys. 39, 236 (1963).
37 P, H. Barrett, R. W. Grant, M. Kaplan, D. A. Keller,
and D. A. Shirley, J. Chem. Phys. 39, 1035 (1963).
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data along these lines might add substantially to the
understanding of the outer electrons on impurities in
metals.

C. Intermetallic Compounds

When two metals differ substantially in electro-
negativity they often form stoichiometric compounds
rather than solid solutions. This is attributed to the
transfer of electrons in the formation of chemical
bonds. These bonds may be quite similar to those in
molecules, although there are few data available,
apart from “bond lengths” and “bond angles,”’ with
which to decide.

Pauling has stated a “principle of electroneutral-
ity”’ for intermetallic compounds, according to which
bond polarity is compensated by transfer of electrons
from the more electronegative metal to the less elec-
tronegative one and the net charge on each atom is
zero.®® Coulson et al® have performed molecular—
orbital calculations on intermetallic compounds and
find that atoms of the more electropositive metal al-
ways have a net positive charge. It should be possible
to decide this point with isomer shifts, although great
care must be taken to decide what a given theory
predicts about selectrons. A large shift of 0.7 cm/sec
was found for Au*®” in Al;Au, for example,® indicat-
ing transfer of ~0.4 or more 6s electron. While it is
tempting to conclude that this compound is some-
what ionic, this is not established. Future isomer
shift work will almost certainly yield insights into
the nature of intermetallic bonding.

IV. NUCLEAR STRUCTURE INFORMATION
FROM ISOMER SHIFTS

Interpretation of isomer shifts in terms of nuclear
structure is rather difficult because one is given only
one datum for an isomeric pair, and even this datum
is usually not known to better than 509 accuracy.
Nuclear models are often too crude to provide suf-
ficient sensitivity to details such as differential 2pth
moments of radial charge, and there are enough
models available to fit almost any isomer shift data.
With all these qualifications isomer shifts can still
yield very useful information in cases where a par-
ticular nuclear model is fairly well established. It is
possible, for example, to obtain a measure of the
mean-square deformation for vibrational nuclei'® and
thus set a constraint on a parameter in the theory.

The charge distribution for a nucleus in the ground
state may be written as

Pb,e) = Z; aruR ()Y 1 (8,0) .
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Clearly a quantity which measures any radial mo-
ment will depend on the ary. Thus we can only
measure some function of all of these parameters and
comparison of theory with experiment becomes a
very implicit process. Fortunately only the L = 0
and L = 2 terms need usually be considered as mak-
ing a large contribution to A{r*). There are four
nuclear models to which isomer shifts may be rele-
vant. These models are, of course, applicable in dif-
ferent parts of the periodic table. For a particular
isotope only one of these models will be applicable,
although it is not always easy to decide between two.
The models are:

(1) The extreme single-particle shell model. Here the
isomeric states are assumed to differ in configuration
by only one nucleon. (It is clear that only the con-
figuration, and not the type of coupling, is important,
because only the radial integrals contribute to radial
moments.) For the cases of interest the second mo-
ment gives a very good approximation to (r?); for
uniform charge distribution the correction factor is
5/(2p + 3). (This is the ratio of (X?)/(X?), where
z = r/R.) Even for Au'® this correction is less than
109%,. For the “top slice” model,* with the charge
concentrated on the nuclear surface, the ratio is unity.
Inner nucleons will have larger correction factors,
but they are not-involved in transitions between the
lowest two isomeric states. In the harmonic-oscillator
approximation A{r?) between two states in the same
oscillator shell vanishes; A(r*) does not. The oscil-
lator potential however, is only a good approxima-
tion for light nuclei, for which 2p — 2, and conse-
quently A(r?), are very small.

These shell-model calculations are only applicable
to odd-proton nuclei. For odd-neutron nuclei the
radial charge moment differences will be reduced by
a factor of ~Z/A? (the recoil contribution) in this
approxin}ation. Using very approximate reasoning it
is easily shown® that core polarization may be es-
timated by attributing an “effective charge’’ of order
= +Ze/A to the odd neutron. One might then pro-
ceed to evaluate A{r*) for the neutron as above and
treat =Z/A as a correction factor. Such a procedure
is not very convincing, although it should usually
give the right sign, because it is used only in lieu of
a configuration-mixing calculation or another more
comprehensive theoretical model which predicts
other properties as well. The effective charge for
isomer shifts will not be simply related, in general, to
the “effective charge’” for E2 transitions, because

38 D. A. Shirley, in Proceedings of the Second International
Conference on the Mossbauer Effect (John Wiley & Sons, Inc.,
New York, 1962), p. 258.

one involves diagonal, and the other off-diagonal,
matrix elements of 7%, and the basis functions are
unknown. It is preferable to use one of the three
models below. It should be noted from the examples
given below that real isomeric pairs are very rarely
simple enough to justify use of the simple shell model
as described above. It is curious that the effective
charge approximation gives a value of éR/R of the
right sign for Sn'*®, Te'®, and Hg'"’. In the first two
cases the magnitude is too large by factors of 2 to 3.
For Hg'*” the magnitude of éR/R is a factor of 6 too
high, and the measured quadrupole moment of the
excited state is not large enough to account for the
shift. These cases and others are discussed in detail
below.

(2) The collective nuclear model. In the region of
the periodic table where nuclear deformation is large
and well established, the nuclear surface can be ap-
proximated by an equation of the form

R'(6) = R[1 + oP: (cos 8)].

Here P, (cos 6) is a Legendre polynomial and R and
« are constants, though the isomeric states may have
different values of «. The deformation can contribute
substantially to the isomer shift even though the nu-
clear volume may not change because, for « > 0,
the polar regions contribute heavily to (r?) (or (r*)).
This larger contribution for a deformed nucleus more
than compensates for the smaller contributions from
the equatorial regions for a moment as high as 2p. Itis
easily shown that the ratio of (the total shift in elec-
tron energy from deformation) to (the total shift due
to finite nuclear volume) is o? in the nonrelativistic
limit. Thus one takes §(a®?R?) = 2aR%d«a rather than
dR? = 2R?(dR/R) in deriving Eq. (1), and the nu-
clear factor 6R/R is replaced by ada. For the reason-
able values & = 0.20, 5o = 0.01 the nuclear factor
becomes 0.002 as opposed to 107°-10"* for spherical
nuclei. It is worth noting that isomer shift experi-
ments are probably quite feasible in the heavy rare
earths and refractories, even with very large line-
widths. Shifts of 10 or more cm/sec seem quite pos-
sible in some cases.

Wilets, Hill, and Ford?*® have studied deformation
effects on isotope shifts for relativistic electrons.
They found the ratio of this contribution to that of
the normal volume effect to be, in perturbation
theory approximation,

p (&%—3) o [1 +2 2+ 3)a],

39 L. Wilets, D. L. Hill, and K. W. Ford, Phys. Rev. 91,
1488 (1953).



to terms in o®. Thus we may take account of deforma-
tion by replacing 6R/R in Egs. (8) and (9) by

2—p—g‘_—?—’a6a I:l + % (20 + 3)01] .

Bodmer has also discussed this problem.*® Boyle has
suggested the very interesting possibility of studying
Ac? for the two lowest members of a ground-state
rotational band.*

(8) The pairing model. Kisslinger and Sorensen*?
have treated pairing forces in single-closed-shell
spherical nuclei such as tin, and one can calculate,
using their results, the mean-square amplitude of
zero-point vibration of the core. Physically this cor-
responds to a time-dependent deformation «, and an
angle 8 which is undefined because the core no longer
has a symmetry axis of deformation.

Some contribution to o may still arise from the
quadrupole moment. This must be considered
separately. In some cases, as in the case of Sn'*®
which Boyle et al.'® analyzed on this model, the quad-
rupole moments may be known and their contribu-
tion to Aa? can be evaluated.

(4) The core-excitation model. In an odd-A nucleus
an alternative to particle excitation is collective ex~
citation of the even—even core. Braunstein and de-
Shalit have recently analyzed Au'® on this basis*® and
several isotopes of Cu, Hg, and Tl may show core
excitation. The model is quite empirical, and the na-
ture of the excitation is not understood. It is, how-
ever, possible in some cases to calculate the quad-
rupole moment of the core from E2 transition proba-
bilities. The isomer shift measures the time average
of Ac?, however, and one must be careful in com-
paring data with this model to account for zero point
vibrational contribution to .

Several isomeric pairs are discussed separately
below.

Fe. Walker, Wertheim, and Jaccarino® obtained
dR/R = —1.8 X 1072 for the 14.4-keV ground-state
isomeric pair. This nucleus is very difficult to under-
stand theoretically, as it doesn’t fit any simple model
well. Perhaps the large value of 6R/R can be at-
tributed to zero-point oscillation.

Sn'®. Boyle et al.®® have analyzed this case. They
found 8R/R = 1.1 X 10 and attributed this to

40 A. R. Bodmer, Proc. Phys. Soc. (London) A67, 622 (1954).

41 A, J. F. Boyle and H. E. Hall, Rept. Progr. Phys. 25, 441
(1962). This article gives an interesting discussion of isomer
shifts.

21, S. Kisslinger and R. A. Sorensen, Kgl. Danske
Videnskab. Selskab Mat. Fys. Medd. 32, No. 9 (1960).

43 A. Braunstein and A. de Shalit, Phys. Letters 1, 264
(1962).
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zero-point oscillation, showing that the pairing
theory of Kisslinger and Sorensen fits the data very
well. They obtained a value of AB*> = +6 X 10~ for
the differential mean-square time-averaged oscilla~
tion amplitude. This corresponds to Ae? = 2.4
X 107,

It is interesting to see what a crude “‘effective
charge” calculation gives for éR/R. Using second
radial charge moments obtained by multiplying the
finite square well second radial moments of Eisinger
and Jaccarino® for a 3si/2 and a 2ds. neutron by
Ze/A, we find 6R/R =~ 2 X 10™.

Te*. The shifts have not yet been carefully cali-
brated, but we can calibrate roughly. Buyrn and
Grodzins* found a shift of —1.5 mm/sec for a
tellurate absorber, relative to a tellurium source. If
these two environments differ by about one 5s elec-
tron per Te atom the situation is not very different
from Sn'®, and we may calculate sR/R = 0.7
X 107, Violet et al. have given the quadrupole mo-
ment of the 35.5-keV state as 0.20 b.*® If this repre-
sented only deformation and there were no zero-
point core vibration, this would lead to Aa® =~ +19
X 107 or 6R/R = +9 X 107 Probably zero-point
vibration is important in this case, however. Unlike
tin this nucleus does not have a single closed shell,
and a pairing calculation is quite involved. An ‘“‘ef-
fective charge’ estimate gives dR/R =~ 2 X 107

I'**, De Waard, De Pasquali, and Hafemeister
have reported large isomer shifts in iodine com-
pounds and have concluded that §R/R is positive.”
The shell model may be appropriate here, although,
as noted by De Waard et al., it is necessary to invoke
“hole” states to obtain the right sign for R/R. If the
range of the observed shifts (from KIO; to KIO,),
which is 0.40 cm/sec, is taken to correspond ap-
proximately to the transfer of (<1) 5s electron, one
can derive a lower limit of —1 X 107 for éR/R. If
the isomeric states differed by a ds/z — g¢z/2 proton
pair, R/R would be approximately —3 X 1073,
using the moments given by Eisinger and Jaccarino.™

Eu**'. Barrett and Shirley* found a large shift in Eu
metal, relative to Eu;0s and interpreted this shift us-
ing an approximate formula. In light of the even
larger shifts in EuO relative to Eu,Os it is worthwhile
to re-interpret the shifts. The calibration in terms of
¥2(0) is still not known accurately, but a good es-
timate is that 1 em/sec is roughly equivalent to one

44 A. E. Buyrn and L. Grodzins, Bull. Am. Phys. Soc. 8,
43 (1963). )

4 C. E. Violet, R. Booth, and F. Wooten, Phys. Letters 5,
230 (1963).

46 P. H. Barrett and D. A. Shirley, Phys. Rev. 131, 123
(1963).
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6s electron, with ¢?(0) = 0.4 X 10%. From Eq. (9),
we find 6R/R = +5 X 107 In this odd-proton
nucleus the Z+4 21.7-keV state and the $+ ground
state would be the g:/2 and ds/» proton states in the
nuclear shell model, but Eu'® is near the collective
region, and the Nilsson orbitals %-+4(404) and
£4(402) may provide a better description. These
orbitals have radial moments which differ little from
the shell-model states at small deformations, how-
ever, and taken by themselves they give a much
larger value for 6R/R.

A possible explanation of the smallness of B/R is
that the 21.7-keV state is essentially undeformed
and that a contribution to the shift from Aa? counter-
acts that from éR/R due to the odd proton. We
could write

) - () .+
(R exp N R particle + 2 A(a )COl’e-

Here the observed 6R/R = +5 X 107 is the sum of
the particle contribution and that due to deforma-
tion. Using the finite-square-well values of (r?) for a
ds/; and a g7/2 proton ((r) = 0.58 R? and (r*) = 0.80
R?, respectively), we find (R/R)partice = —+0.0030.
Thus Ae? = —5 X 1073 If the excited state is
spherical, @y = 0 and a = 0.07. In fact, the ground-
state deformation is +0.08.

Au. An early interpretation of the isomer shifts
in this nucleus was given by Shirley using the shell
model.¥” While approximate agreement with experi-
ment was obtained with the shifts then available, the
much larger shifts reported by Barrett et al.*” seemed
to render any interpretation based on the single-
particle shell model untenable. An approximate ex-
pression for isomer shift, without the relativistic
correction factors, was used by these workers to de-
rive radial moments. With the relativity factor prop-
erly accounted for, we find the results once again are
in agreement with shell-model estimates. To obtain
0R/R from Eq. (9) we assume that 1.5 cm/sec is
equivalent to a transfer of the 6s electron, with ¥2(0)
= 1.4 X 10%. This yields 6R/R = +3 X 107 If the
isomeric states differed by a 2ds;; — 3si/2 proton
transition, a 6B/R of up to 7 X 10™* could be ob-
tained from the nuclear potential giving the largest
shift, a finite square well.

This nucleus is very difficult to understand the-
oretically, but the core excitation model*® seems to
fit it rather well. Solving for Aa? = 25R/R, we find
Ad®? = 46 X 107 We may attribute this change in

47D. A. Shirley, Phys. Rev. 124, 354 (1961).

mean-square deformation to excitation of the core.
From the entire ground-state quadrupole moment of
+0.60 b we may calculate ap = 40.065 in the strong-
coupling limit. Combining this with Aq® gives
ar = +0.069 for the excited core. This would cor-
respond to a deformation parameter 6 = 40.1 or to
an intrinsic quadrupole moment of Qo = 3 b for the
excited core. Of course, the shifts in o® may arise from
differences in zero-point oscillation rather than from
static quadrupole moments.

Hg"". Isomeric shifts were first observed in this
nucleus by Melissinos and Davis,*® using optical
spectroscopy. Lardinois*® has suggested that the ex-
perimental shift of 0.021 ¢m™ can arise from the
known quadrupole moment of the excited state,
Q2 = 1.5 b, if any similar contribution from the
ground-state core is neglected. This assumption is
questionable in view of the complexity of nuclei in
this region, and zero-point oscillation may not be
negligible.

Tasre II. Nuclear factors.

Isomeric
Isotope energy, keV SR /R
Feb? 144 —1.8 X 1073
Spl19 23.8 +1.2 X 104
Tel2b 35.5 ~+4+.7 X 10
1129 26.8 -1 X 10
or larger
Euls! 21.7 +5 X 104
Auly? 77.5 (+)3 x 10
Hg197 297 +1.6 X 104

From the experimental shift of 0.021 em™ arising
from the difference of one 6s electron we obtain,
using Eq. (8), 0R/R = +1.6 X 107*. This corre-
sponds to Aa? = 3.2 X 107*. Thus if we assume, with
Lardinois, that aise = 0.032 (i.e., that the excited
state a arises only from the quadrupole moment),
we obtain of/; = 7.0 X 107, or a2 = 0.026. This is
probably to be interpreted as zero-point vibration.
We have used a value of yZ,(0) = 1.6 X 10% in de-
riving these results. This is somewhat higher than
the value used by Lardinois. An effective charge of
Ze/A for the odd neutron would give a SR/R of
~ 41073, much larger than the experimental value.

The derived values of §R/R are tabulated in Table
II.

( 48 A) C. Melissinos and S. P. Davis, Phys. Rev. 115, 130
1959).
49 J. Lardinois, Nucl. Phys. 15, 522 (1960).



V. CONCLUSIONS

(1) The theory for isomer shifts is essentially that
for isotope shifts, and is well understood. Relativistic
effects are very important in isomer shifts for heavy
elements.

(2) Qualitative or semiquantitative chemical in-
formation, including the validity of ‘“ionic character”
in certain bonds, is readily available from isomer
shifts. Relative values of Ay?(0) may be determined
with high accuracy. Absolute values are unlikely to
be obtainable to better than about 109, even in the
most favorable cases and most cases will probably
be considerably less accurate.

(3) Isomer shifts offer a useful method for obtain-
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Electric Quadrupole Splittings in Ferrous Compounds*
R. Ingalls,f Carnegic Institute of Technology

The various problems associated with interpretation of elec-
tric quadrupole splittings, obtained from Mossbauer ex-
periments, are discussed. An attempt is made to express the
electric field gradient tensor in ferrous compounds in terms
of the d. energy splittings and the covalency factor, which
roughly governs the values of {(#~3) and spin-orbit coupling
constant, A. In doing so, a detailed study of the problem,
ferrous ion + ligands, is somewhat sidestepped. At the same
time, however, one gains some insight concerning the be-
havior of the quadrupole splitting as a function of axial and
rhombic crystalline field strengths and temperature. As a
result of this study, one obtains an estimate of the quadru-
pole moment of Fe%”™, which agrees with that obtained from
ferric Mossbauer experiments. Estimates, based upon Mdss-
bauer results, are also made of the d. energy splittings in,
FCSiFs . 6H20, FCSO4 . 7H20, FCCgO4 . 2H20, FC(NH4
304)2 -6H20, FCSO4, FeClz '4Hzo, and FCFz.

* Supported by the Office of Naval Research and the National Sci-
ence Foundation.
T Present address: University of Illinois, Urbana, Illinois.

Electric Field Gradient Measurements in Ferrous
Compounds*

Peter Zory, Carnegie Institute of Technology

The nuclear electric field gradient (EFG) tensor parameters!
in paramagnetic ferrous compounds may be adequately de-
termined by transmitting monoenergetic, unpolarized
Maossbauer radiation through “‘thin” single crystal ab-
sorbers. The EFG asymmetry N and the Euler angles con-
necting the EFG principal axes with the crystal axes are
obtained from measurements of the orientation dependent
ratio of the two absorption peak areas. The parameter g is
then determined from the observed splitting. The analysis
of FeCl,-4H,0 is presented.

*T. P. Das and E. L. Hahn, in Solid State Physics, edited by F. Seitz
and D. Turnbull (Academic Press Inc., New York, 1958), Suppl. 1.

1 Supported by the Office of Naval Research and the National Sci-
ence Foundation.
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ing conduction electron densities in metals. They
should also prove very useful in studying bonding in
intermetallic compounds.

(4) Derivation of the nuclear parameter §R/R from
isomer shifts can be quite useful in understanding
nuclear structure, although great care must be taken
in the interpretation. This parameter is most useful
in cases where the level structure is already fairly
well understood.

(5) Very large isomer shifts seem quite likely in
the heavy rare earths and refractories. The large
¥?(0) from 6s electrons, the large relativity factors,
and large and varying nuclear deformation combine
to enhance the shifts here.

Determination of the Sign of the Electric Field Gradient
in Randomly Oriented Samples

S. L. Ruby and P. A. Flinn, Westinghouse Research
Laboratories, Pittsburgh

If single crystals are available, the determination of the sign
and magnitude of the electric field gradient at Méssbauer
nuclei is relatively straightforward. When the y-ray direc-
tion is along the direction of the principal axis of the EFG
tensor, then the intensity of the § line is 3 times that of the
% line; in a perpendicular direction this ratio changes to
0.6. If only powdered crystals are available, and the direc-
tion of observation is therefore random with respect to
the axis of the EFG, the amplitude of the two quadrupole
peaks become equal (unless the thermal vibrations are
markedly anisotropic) and other methods must be em-
ployed to determine the sign of g.

We have calculated the spectra resulting from the appli-
cation of a magnetic field, both parallel and perpendicular
to the y-ray direction, to a randomly oriented sample with
an axially symmetric EFG. We have chosen the size of the
EFG to correspond to a total splitting (2¢) of 2.4 mm/sec;
the magnetic field strengths are 16, 42, and 84 kOe. Our
experimental linewidths have been folded into the compu-
tation.

The results indicate that the shapes of the two quadru-
pole peaks become distinguishable at less than 50 kOe ap-
plied field.

Mossbauer Study of Fe2* in Ionic Crystals
Kazuo Ono and Atsuko Ito, University of Tokyo

The data obtained in several ionic divalent iron crystals are
listed in Table 1. From obtained values of these parameters,
we will discuss the ground states of Fe?t in these crystals.
It is noted that

(1) The ratio g(FeSiFg-6H;0)/q(FeCOs) is =18 =
—2.0. This confirms that the ground state of FeSiF ¢ -6H0
is an orbital singlet (o), while that of FeCOj is an orbital
doublet (-2 + () W1, DW2 = (3)W-).

(2) TwoforbiddenlineswereobservedinFeg(PO 4)2-8H:0
because of the existence of the large electric quadrupole
interaction perpendicular to the internal magnetic field.



