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2 HIGH PRESSURE MOSSBAUER STUDIES

altered.. The energy and momentum can be considered as decoupled;
?he recm! momentum is transferred to the crystal as a whole and, if thi;
is fixed in the laboratory, to the earth. The velocity of reco’il and
hence the kinetic energy, is effectively zero. The vibrational ener’gy of
the lattice is quantized; if the lowest allowable quantum of vibrational
energy (the lowest phonon energy) is large compared to the recoil
energy, there will be a finite probability of recoilless decay. Since this
energy peak is not Doppler broadened, it is nearly monochromatic
and the lower limit to the width is set by the lifetime of the excite(i
stat.fa .and the uncertainty principle. In actual cases there is usuall
additional broadening due to imperfect motion and other instrumentasi
probler_ns, relaxation phenomena, and other factors.

A wide variety of nuclei display Mossbauer resonance, but by far
the most useful from the standpoint of the study of solids is 57Fe. The
groti:;ssdby wl':}ich 1(;he 14-4 keV Mossbauer garﬁma ray is produced is

utlined in Fig. 1(a), and in this pa imi
o thi; R paper we shall limit ourselves to
The Mossbauer effect is capable of giving information concerning a
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number of different aspects of the nuclear environment. First and
most basic is the isomer shift. The process of decay by gamma emis-
sion involves a transition of the nucleus from an excited state to its
ground state. The difference in energy between these states is slightly
but measurably perturbed by the electronic environment of the nucleus.
Specifically, it is affected by those electronic wave functions having
non-zero amplitude at the nucleus; and these must be states of zero
angular momentum (s states). The electronic configuration of atomic
iron is 1s22s22p63s23p63d64s2. The 1s and 2s wave functions surely
have significant amplitude at the nucleus, but they are largely isolated
from the surrounding atoms and can tell us little about changes in
the environment. The 4s electrons interact strongly with the neigh-
bouring atoms, and while they are largely shielded from the nucleus,
they contribute significantly to studies of isomer shift changes, par-
ticularly in metals. In ionic states of iron the 4s levels are usually
assumed to be sparsely occupied. The 3s electrons do not interact to
any extent with the surrounding atoms or ions, although they have their
radial maximum at very nearly the same point as the 3d electrons which
do interact with the neighbouring atoms. Changes in the 3d states with
changing environment will then affect the degree of shielding of the 3s
electrons from the nucleus, which will be reflected in changes in the
observed difference in nuclear energy levels, that is in the isomer shift
(see Fig. 1(b)). Thus, a dilute solution of 37Co (57Fe) in copper will not
be in resonance with 57Fe dissolved in chromium, or with 57Fe in
FeCl,. If one now imparts a motion to the source with respect to the
absorber, when the Doppler velocity just compensates for the difference
in the isomer shifts of the two materials, resonance is obtained. A
Mossbauer spectrometer is a device for measuring the velocities neces-
sary to obtain resonance, and the differences in valué of the isomer
shift, A, in different environments is expressed in terms of the relative
velocity necessary to obtain resonance. Spectrometers are widely
described in the literature (Frauenfelder, 1963; Wertheim, 1964 : also
for high pressure, Pipkorn et al., 1964; DeBrunner et al., 1966), and will
not be discussed here. For 57Fe the energy differences (that is isomer
shift differences) from material to material are of the order of a mm/sec
or a fraction thereof. It is perfectly practical to measure differences
smaller than 0-1 mm/sec, which corresponds to a thermal energy
difference of 10-5°C, or ~10-5 calories (~ 10-9 eV) which illustrates
the sensitivity of the technique.
The isomer shift is described by the equation :

Ae=afy3(0) —¥5(0)] 1)
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where
a=3§nZe?[Ry— R:] ~$nZe2[RAR] (2)

which for iron=3-52 x1010 (RAR).

Here the :2(0) are the amplitudes of the wave functions of the source
and absorber at the nucleus, and Rg and Ra are the radii of the nucleus
in the ground and excited state. From the standpoint of nuclear
physics the value of AR is of considerable interest; from the viewpoint
of solid state structure and electronic behaviour, the changes in
Y2(0)— (0) with changing conditions are of paramount importance.

The nuclear energy levels can be perturbed by an electric field
gradient at the nucleus. The ground state of spin one-half will remain
unsplit, but the excited state of spin three-halves will split into two levels
as indicated in Fig. 1(c). Under these conditions two transitions are
possible, and one sees two peaks. The size of the splitting is then a
measure of the electric field asymmetry seen by the nucleus. As will
be discussed later, this effect gives important information concerning
the local symmetry at the 57Fe site, and the distribution and spin
states of the electrons in the partially filled 3d shell.

A magnetic field at the iron nucleus also interacts with the nuclear
levels of iron, splitting the excited level into four states and the ground
level into two. When the selection rules (Am =0, +1) are applied, one
sees that a six line spectrum results as is shown in Fig. 1(d). The
splittings between pairs of lines measures the magnetic field strength
at the nucleus. It is thus possible to study changes in magnetic field
with changing temperature, pressure, and chemical environment.

Finally, we have said that the phonon spectrum of the lattice deter-
mines the probability of recoilless decay, so that from the measured
fraction of recoilless decays (proportional to the area under the Moss-
bauer peak) one can gain information about the lattice dynamics in the
neighbourhood of the iron atom or ion. A number of rather sophisti-
cated treatments have been given (Maradudin, 1966; Housley and
Hess, 1966), but in this paper only the Debye approximation will be
briefly considered where the recoilless fraction f is related to the
characteristic temperature 6p by :

= =i [+ (3) [ 5] ®

where E, is the recoil energy of the free nucleus due to decay.
Transition metal ions in crystals will be considered in this paper and
it is therefore desirable to review qualitatively some of the features of
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ligand field and molecular orbital theory. These theories are discussed
in detail in various literature (Griffith, 1964; Orgel, 1960; Ballhausen,
1962; Ballhausen and Gray, 1965).

The five 3d energy levels on a free transition metal ion are all degene.r-
ate. A 3d electron on such an ion may be in its ground state or in
an excited state. The energy difference between these states can
be expressed in terms of the Condon-Shortley parameters or more
conveniently in terms of the Racah parameters 4, B, C' (see Fig. 2).
These parameters can be calculated in principle, but are usually
evaluated from atomic spectra; they depend on the repulsion among the
3d electrons on the ion.

Racah 100g, "B"C'
parameter
ABC, 8¢
L]
Crystal 10 0g
- field or
tayg
Octahedral field
Fic. 2. Crystal field splittings and gi tahedral sy try.

If the ion is inserted into a crystal lattice, the surrounding ions
provide a field of less than spherical symmetry. In this paper we shall
discuss primarily octahedral symmetry wherein six ligands are arranged
at the centres of the faces of a cube which has the iron at its centre, but
we shall occasionally introduce the tetrahedral arrangement, where the
ligands are at the corners of a regular tetrahedron surrounding the iron.

As seen in Fig. 2, these symmetries partially remove the degeneracy
of the 3d levels. In octahedral symmetry the levels labelled
tag (dzy, dzz, dyz) lie below those labelled eg (d2, dz2—y2); in tetrahedral
symmetry this order is reversed.

The amount of splitting between these groups of levels depends on the
intensity of the field supplied by the nearest neighbour ions (the

S . —




6 HIGH PRESSURE MOSSBAUER STUDIES

ligands) in the crystal. For historical reasons this energy difference is
usually called 10 Dg.

So far only arguments which depend on symmetry have been used.
If one wishes to make even semiquantitative calculations, molecular
orbitals combining realistic ligand and metal ion wave functions must
be used to give orbitals which satisfy the symmetry requirements.
Ballhausen and Gray have given a description of the process. A dia-
gram such as Fig. 3 results, in which we see the combination of ligand
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F1c. 3. Molecular orbital diag tahedral symmetry.

and metal jon wave functions to give bonding orbitals such as a;, and
t1y, non-bonding orbitals such as s, and anti-bonding orbitals such as
tyg and e5. The separation between these last two is still a measure of
the crystal field (10 Dg).

The 3d shell of iron is only partially filled. In the ideal case, the
ferrous ion has six and the ferric ion five 34 electrons. There is more
than one way to put the electrons in the levels; according to Hund’s
rule of atomic spectroscopy, the state of maximum spin should be
lowest in energy. This case is illustrated in (a) and (b) of F' ig. 4, and
applies to most ionic materials. If the metal-ligand interaction is
strong enough, energy may be saved by pairing spins as in (c) and (d).
Potassium ferrocyanide and potassium ferricyanide are examples of
this situation. For high spin ferric (a) and low spin ferrous (d) ions,

s e e T
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Fic. 4. Spin free and spin paired electron distributions for ferric and ferrous systems.

the 3d electrons present a field of spherical symmetry at the nucleus.
For high spin ferrous and low spin ferric ions a strong probability of an
asymmetric field exists. This is very important in understanding many
aspects of quadrupole splitting.

A variety of different transitions are observed optically in crystals
containing transition metal ions. There are d-d transitions which
measure 10 Dg, or the Racah parameters B and C, or combinations of
these two effects. These are of moderate intensity because they are
allowed only due to vibrational interaction. Typically, 10 Dg is of the
order of 5000-15,000 cm~1 (0-6-1-8 eV, 1545 kecal) at one atmosphere.
The combination peaks measuring both 10 Dg and B and C lie at some-
what higher energies, in the visible or near ultraviolet.

It is also possible to observe optical transitions which measure an
electron transfer from a ligand level (f24) to a predominantly metal
level (fz5). This is an allowed transition and very intense, and the
energy peak for such transitions typically lie at 25,000-40,000 cm~1
(3-5 eV), but they are broad, and the low energy tail sometimes extends
through the visible and even into the infrared.

The effects of pressure on these transitions have been reviewed
extensively elsewhere (Drickamer, 1963, 1965). In general, there is a
marked increase in 10 Dg with pressure (10-15% in 100 kb). In the
simplest order of theory, one would expect the crystal field to increase
as R-5, where R is the metal-ligand distance, and this is roughly what
occurs. There is a measurable decrease in the Racah parameters with
increasing pressure—7-11% in 100 kb. Apparently the 3d orbitals
expand by interaction with the ligands, and this increases the average
distance between electrons in the 3d shell, which reduces the repulsion
between them.

The charge transfer peaks shift strongly to lower energy with increas-
ing pressure, by as much as one half to 1 eV in 100 kb. This lowering
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of the metal energy levels vis-a-vis the ligand is apparently due primarily
to the spreading of the 3d orbitals mentioned above. It can be shown
(Vaughan, 1968) that it is possible in principle to reduce this difference
by several electron volts using this mechanism. A second factor which
tends to stabilize the f3; orbitals is an increase in 7 bonding of these
orbitals with excited ligand orbitals. Since the = bonding is usually
considerably smaller than the o bonding at one atmosphere, it could be
expected to increase relatively more. Lewis and Drickamer (1968a)
have shown that this is probably a significant factor, but not the con-
trolling one. All of these observations will be important in the inter-
pretation of various aspects of high pressure Mossbauer spectra for
iron in ionic and covalent compounds.

To understand the Mossbauer spectrum of iron metal and of iron as a
dilute solute in transition metals, a knowledge of the band structure of
these materials is important. A review of even simple band structure
is beyond the scope of this article, and the transition metals are far
from simple, as the relevant electrons are neither completely bound nor
almost free. There is, however, evidence (Slater, 1965) that all of the
b.c.c. transition metals have very similar band structure, while the
close packed members of the series (especially the f.c.c. metals) are very
much like each other, but significantly different from the b.c.c. metals.
In both cases the conduction band has a mixture of 3d and 4s character,
with different emphasis in different parts of reciprocal lattice space.
The relative degree of s and d character may change with pressure. We
shall here assume that Stern’s (1955) calculations for iron are quali-
tatively correct.

In the study of magnetism in transition metals, the controversy as to
whether the magnetic electrons are primarily tightly bound or itinerate
is a long and complex one, with outstanding proponents on each side.
High pressure Mossbauer studies have so far contributed in only a
minor way to the solution of this problem.

Figure 5 shows the range of isomer shifts for 57Fe in different environ-
ments, relative to metallic b.c.c. iron. According to the convention
used, the larger the isomer shift, the lower the electron density at the
nucleus. Several facts are immediately evident.

(1) Iron as a dilute solute in a series of transition metals shows a
relatively narrow range of isomer shifts although the solvent atoms
have from 1-9 d electrons in their outer d shell—this would indicate that
3d electrons of the iron are not completely integrated into the solvent
d band, although, as shall be seen later, they are closely associated with
it.
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F1c. 5. Isomer shift ranges for iron and compounds.

(2) Ferrous ions typically exhibit a very low electron density. Since
their outer configuration is nominally 3d%4s0, this can be attributed to
the shielding of the 3s electrons by the 3d. )

(3) Ferric ions exhibit a significantly higher electron density than do
ferrous ions. In both cases typical compounds fall in a range of elec-
tron densities, but the two ranges do not come close to overlapping.
The ranges shown cover almost all the high spin compounds from the
essentially completely ionic such as the fluorides to those with large
covalent components such as the acetylacetonate, as long as they can be
classified as ferrous or ferric. There is evidence that ferric compounds
are generally more covalent than ferrous, and this would indicate some
back donation from the ligands to the metal, so that the traditional
3d5430 ferric configuration is an oversimplification. In view of the
narrow range of isomer shifts exhibited by the ferric compounds, how-
ever, the viewpoint taken here is that the major difference between the
observed ferrous and ferric electron densities (~ 0-9 mm/sec) is due to
the reduced shielding of the 3s electrons in the latter case.

(4) While the classification * covalent *” is ambiguous in that all com-
pounds exhibit some covalency, there are a number of compounds
which involve a very high degree of electron sharing. Such compounds
as ferrocene and potassium ferro- and ferricyanide fit this description.
In addition there are compounds like FeSez, FeTey, FeP, FePs, FeAs

e T = s
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and FeSb to which it is difficult to assign a definite valence. As one
might expect, this rather amorphous group of compounds has a large
range of isomer shifts.

Ingalls (1967) found a linear correlation between the maximum of the
square of the radial portion of the 3d wave function and the 3s electron
density at the nucleus using Hartree-Fock free ion wave functions. A
variational calculation, the purpose of which was to establish the effect
of change of the shape of the 34 orbitals in going from the free ion to the
metal on the 3s density at the nucleus, indicates that the correlation is
still good for the bond wave functions, even though some of these have
large electron densities in the tail of the wave function.

Thus, in trying to interpret isomer shift data in terms of covalency,
it is necessary to remember that the isomer shift may not be sensitive
to electron density located between the metal ion and the ligand, which
is a usual criterion for covalency, but primarily to the change of 3d
density on the ion.

As was indicated earlier in the paper, the measured difference in
isomer shift between source and absorber involves a constant o. There
has been a considerable controversy about the value of «, and thus of
ARJR, although it is agreed that « is negative, that is that the radius of
the nucleus in the excited state is less than that in the ground state.
Walker et al. (1961) assigned the difference in isomer shift between
ferrous and ferric ion entirely to the difference in shielding of the 3s
electrons due to the presence of one more 3d electron (that is they
assumed configurations 3d64s9 and 3d54s0). Using Watson’s (1959)
free ion wave functions they obtained the value

a= —0-47 gj mm/sec (4)

where ay is the Bohr radius.

Simanek and Stroubec (1967) however assign the difference in isomer
shift between ferrous and ferric ion entirely to a difference in occupation
of the 4s level, that is they assume that the ferrous ion, at least in
compounds like the fluoride, is completely ionic, while the ferric jon
has the configuration 3454502, They consider overlap distortion as the
only significant factor in changing Ae with Ppressure, and, using published
data on the oxide and fluoride, obtain a considerably smaller value of
about —0-12 for «.

Gol’danski (1963) and Danon (1966) also estimate a relatively small
value for «. The value of « must be considered in discussing the effect
of pressure on the isomer shift in metallic iron, and in iron as a dilute
solute in transition metals.

H. G. DRICKAMER, S. C. FUNG AND G. K. LEWIS, JR. 11

II. PrRESSURE EFrECTS

A. ISOMER SHIFT

The factors which affect the electron density at the nucleus as a
function of pressure (interatomic distance) are of two types : (a) defo_rma.-
tion of the wave functions, and (b) transfer of electrons between orbitals.
This can take the form of transfer of electrons between, say, the 3d and
4s orbitals of an iron atom or ion, of transfer of electrons between the
3d and 4s parts of the conduction band of a metal, or of. transfer of
electrons between metal and ligand orbitals, either.bondmg or non-
bonding. The process by which the electron density cl_mqges \_mth
interatomic distance is a complex one, so that any description given
here is, at best, an approximation and must be regarded as tentative.
We shall first discuss metals and alloys for which at least a refasqnably
quantitative theory has been developed, and then discuss the significant
factors governing the behaviour of compounds.

1. Iron and Alloys

The isomer shift of 57Fe in b.c.c. iron has been investigated by a
number of people including Pound et al. (1961), Nicol and J\‘u'a (19(?3),
Pipkorn et al. (1964), and Moyzis and Drickamer (1968a). Ij"xgure 6 isa
composite of results, largely from the last two papers. The isomer shift
decreases with increasing pressure, corresponding to an increase of
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Fi1c. 6. Isomer shift of metallic iron versus pressure.
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electron density at the nucleus, but the rate of increase decreases
markedly at high pressure. As Moyzis has shown, Ae is not linear in
either pressure or volume. The experimental results can be expressed
in the form :

Ae= —8-1 x10-4P +1-65 x 10-6P2 (5a)
AV AV\2
=1-38 —V-+2 7 (7) (mm/sec) (5b)

where P is in kb.

At about 130 kb there is a first-order phase transition in iron from the
b.c.c. to the h.c.p. structure, with a large decrease in isomer shift of the
order of —0-24 mm/sec. The isomer shift in the high pressure h.c.p.
phase decreases relatively slowly with increasing pressure or density,
which, as shall be seen, is characteristic of close-packed metals.

Figures 7-9 show the isomer shift for iron as a dilute solute in a series
of transition metals, plotted versus AV/V for the host. The solid line

a2 Nb

038 Qs2 0.88
VIV,

Fic. 7. Isomer shift versus AV/V—b.c.c. metals.

represents the low pressure slope for b.c.c. iron. In Fig. 7 are shown the
b.c.c. metals and in Figs 8 and 9 close-packed systems. These results
are from the work of Pipkorn et al. (1964), Edge et al. (1965), Drickamer
et al. (1965), and Moyzis and Drickamer (1968b). The feature which is
immediately apparent is that the change of isomer shift with compression
is much greater in the former than in the latter.

Ingalls (1967) has presented an analysis of the isomer shift of iron
which can also be applied qualitatively to the dilute alloys (Ingalls
et al., 1967; Moyzis and Drickamer, 1968a, 1968b).

-
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Fi1c. 8. Isomer shift versus AV/V—f.c.c. metals.

- Iniron the 4s electrons exist in a relatively broad band, such that they
can be characterized as ““nearly free”. This overlaps the much
narrower 3d band. The other transition metals have a qualitatively
similar structure, but within each group, b.c.c., f.c.c. and h.c.p., the
similarities are much stronger than they are between groups.
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Fic. 9. Isomer shift versus AV/V—h.c.p. metals.

In the first order, one can divide the effects of changing pressure (or
volume) into two parts: the effect of compression of the 4s band
d (Ae)L, and the effect of transfer of electrons into or out of s-like states
in the s—d conduction band d (Ae)p. From the calculations of Walker
et al. (1961) one can estimate the first effect :

d(Ae)L_ "
FiT A 1-4 mm/sec. (6)
= TR e T —
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Since we are interested in the pressure dependence of |(0)|2, only Taking the volume derivative of eqn (12) gives
the 4s and 3s electron contributions are considered. The 4s electmns 2 2
are affected in a direct way since they are itinerant and thus can be slpmis —ngy|¥r,(0)|2+ B Ot
expected to scale with volume. The 1s, 2s, and 3s electrons are not d(n¥) ' ¥in. ¥}
directly affected by small volume changes but the 3s electrons are 2
indirectly affected by the changes in 3d electron wave functions. +1¢r,0)]2 3(In V)+ B 6(;:&,,,) F) =2 - (19
SN ; a o(InV)
The 4s contribution can be written
- " Here one sees the expression for d (A¢)z, due to volume scaling, and for
| das(0)| 2= f ) Ny(B)| (0, E)|2 dE ) d (Ae)p, due to s«d electron transfer
S d(Ae o{nu?,
where N4(E) is the number of s-states in the 3d—4s conduction band. d((ln I)Ili [ nay|¥r, ()2 + B Efln V>)] (15)
Ingalls (1967) performed a modified tight-binding calculation of the 4s
wave functions at I';(k=0) for several volumes and found a(Aeq)p _ [l'ﬁ (0)]2 +B a{muzy g ] (16)
d(ln V) & a(ln V) ong o(ln V)|
|5l:,-(0)|2 Tlag® for V=80a}? (8)
Using the values of |4 (0)|2, s, ¥, and 8 mentioned above and
and [¥1,(0)| 2= const V=7 (9) |
! o(nuzy 0-03 ag? a("f“i-)_o,g —1 (17
where y~1:25. With the assumption that [0, E)|2 equals Am V) g
|¢p, (())|2 the decrease in the s-like nature of the conduction band :
being completely represented by the decrease in N4(E) as k increases, gives
i {
Ingalls obtained [ :(lﬁ?/ LN (18)
[¥as(0)| 2= 4] 4,02 (10) el
i d(Ae)p _ ong ong
where ng=0-53 is the number of s-electrons per iron atom. [7 1 —4-95 ] mm/sec (19)
The 3s contribution is approximated by using the proportionality y di¥) - L #a¥)
found by Watson (1959) and Clementi (1965) between the density of p where a=[aj mm/sec].
3s electrons at the nucleus and (nu2) i ’ . . .
i Equation (18) can be viewed as an alternative to eqn (6), which gave a
|h35(0) | 2 = BLnul) (11) i rough value of d (A¢)/d (In V) from volume scaling alone, and it will be
. . . L ! used instead of eqn (6). To obtain agreement between these equations
where u is the maximum of the radial wave function in the wave we would need a= —0-35a} mm/sec which is significantly different
function and from the value of a= —0-47 @} mm/sec found above.
. Ep . By combining the theory with the experimental measurements and
gy = J-o Nu(E) u,(E) dE (12) assuming the total number of electrons in the combined 4s-3d band is
constant, we obtain :
where B=—5'5a5% The integral in eqn (12) is performed up to the
respective Fermi energy in each half of the band (spin up and spin d(A‘)= —4-86a+12:05aX = 1-32 (20)
down) using the linear relationship between u,(E') and Z discussed by dln ¥V
Ingalls. 5 X o __ ona .
Thus for the 3s and 4s contributions we have b SV eV @1
|(0)|2=ns| ¢,(0)]| 2+ Blnul>. (13) This relationship is plotted in Fig. 10.
- - -
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While the data do not permit one to fix the value either of « or of X,
we can state that they should be related to each other as shown. For
values of « less than about —0-28 aj mm/sec (that is greater in mag-
nitude than this number), X is positive which corresponds to transfer
of electrons from the s to the d part of the conduction band with
increasing pressure. Alternatively, the values for « suggested by
Siminek and Sroubec (1967) or by Gol’danski (1963) or Danon (1966)
would correspond to relatively large d to s transfer. Stern (1955) has
found that as the volume decreases the d band lowers in energy with
respect to the s band, making an s to d transfer energetically favourable.
Unless one establishes a serious error in Stern’s calculation, this is
strong evidence in favour of a smaller, that is a more negative, value of a.

In Fig. 10 are also plotted values of « versus X for vanadium, copper,
and titanium. Vanadium has the b.c.c. structure while the other two are
close packed (b.c.c. and h.c.p. respectively). These are typical of the
results for the classes of systems. In general, the close-packed systems
exhibit a stronger tendency for s to d transfer than do the b.c.c. metals.
This illustrates the basic difference in the effect of pressure on the band
structure of these two classes of metals.

2. Ionic Compounds

Figure 11 shows isomer shifts as a function of pressure for a series of
typical high spin ferrous and ferric compounds. Insofar as the classi-
fication is meaningful, these would be classified as *“ ionic *, and from
the figure several facts are apparent. All compounds show a measurable

PRESSURE (k bar)

Fie. 11. Isomer nhxﬂ; versus pressure—high spin ferrous and ferric compounds.

increase in electron density at the iron nucleus with increasing pressure.
On the average, the ferrous compounds show a measurably larger effect
than do the ferric which is almost certainly not due to any consistent
difference in compressibility. The effect in the ferrous ion is some
10-12% of the difference between normal ferrous and ferric ions in
150 kb, which represents a significant change in electronic configuration
in this range.

In both cases these compounds and other relatively ionic materials
such as FeCls and FeBrs group into two quite narrow ranges. If the
change with pressure were due primarily to electron transfer between
ligand and metal, one would expect a much larger variation from ligand
to ligand than is observed. It therefore seems reasonable to attribute
the pressure effect to deformation of the metal ion wave functions.
Simanek and Sroubec (1967) attribute the change with pressure for the
ferrous ion entirely to compression of the ““ s electrons, increasing the
nuclear overlap. Champion et al. (1967) attribute the change for both
ferrous and ferric ions to reduced shielding of the 3s electrons due to the
spreading of the 3d orbitals discussed earlier. The ferric ions show a
smaller change because there are only five 3d electrons in this case.

It seems most probable that neither of these factors is negligible.
At present there is no apparent way to establish with certainty which is
more important. The Simanek and Sroubec approach used as the sole
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mechanism for the pressure change gives a value of a which seems
inconsistent with the data for metallic iron. At present the authors
consider the change in shielding as probably the most important factor,
but this is a tentative judgment, and considerable further study is
needed.

It seems difficult to reconcile the narrow range of isomer shifts and
the consistent change with pressure for both ferrous and ferric com-
pounds with results of molecular orbital calculations using LCAO
orbitals and a Mulliken population analysis. These indicate relatively
small differences in electron distribution for ferrous and ferric ions with
the same ligand, and, for the ferric ion in particular, a high covalency
with the electron distribution strongly dependent on the Iigan&.
These methods are probably particularly applicable to atoms with a
relatively small number of electrons. It is also well known that one
can get very satisfactory calculations of energies and of energy
differences between states of a system using wave functions which are
not a particularly accurate description of the true orbital. It may be
that a linear combination.of atomic orbitals using free ion wave fune-
tions is a rather inaccurate description of the wave function amplitude
at the nucleus.

3. Covalent Compounds

Figure 12 exhibits the change in isomer shift with pressure for four
compounds which show a high degree of electron sharing between ligand
and metal. There is a very large change in isomer shift with pressure

FERRIC ACETYL ACETONATE

=010 -

CHANGE IN ISOMER SHIFT(mm/sec)

K‘Fl(CN).

FERROCENE:

-0.20 L L !
) s0 100 150 200
PRESSURE(k bar)

F1c. 12. Isomer shift versus pressure—* covalent ” compounds.
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for ferrocene, pyrites and potassium ferricyanide. This is not a
compression effect, that is, it is not a result of especially high com-
pressibility. The pyrites crystal is known to be relatively incompres-
sible, and surely neither the ferrocene molecule nor the ferrocyanide
molecular ion would show a large change in bond length with pressure.
Also shown is ferric acetyl acetonate which actually exhibits a decrease
in electron density with increasing pressure in the low pressure region
with a reversal at higher pressures.

In these cases, in addition to changes in shielding and compression
of the s wave functions, there must be significant change in orbital
occupation with pressure. A calculation for ferrocene by Vaughan
and Drickamer (1967a) indicates that at least one third of the change
with pressure for that compound can be accounted for by changes in
electron distribution among the orbitals. Each compound, however,
requires an individual analysis so that no generalizations are possible.

B. QUADRUPOLE SPLITTING

As mentioned earlier, an electric field gradient at the nucleus can
interact with nuclear states of spin equal to or greater than one,
partially removing their degeneracy. The Mossbauer resonance is one
of a variety of tools for investigating this effect. Here we shall discuss
only briefly some high pressure results for a few compounds of iron.
There are two possible sources of an electric field gradient at a transition
metal nucleus. Firstly, the electrons in the partially filled 3d shell
may exhibit less than spherical symmetry and, as mentioned earlier,
this will be true, in general, for high spin ferrous or for low spin ferric
compounds (see Fig. 4). Secondly, the ligands may exhibit less than
cubic symmetry and thus impose an electric field gradient at the
nucleus. Where the first effect is present it will dominate, since
quadrupolar forces are short range and the effective radius of the 3d
shell is much smaller than the average ligand-metal distance.

For preciseness, let us consider a high spin ferrous ion in an octa-
hedral field. If the three fo, levels are truly degenerate the orbital of
the sixth electron will be spherically distributed and there will be no
quadrupole splitting. As soon as the degeneracy is removed even by a
very small splitting, the electron will not have an equal probability of
being in the three t3; states and a relatively large splitting results.
Most high spin ferrous compounds exhibit a splitting of 2-3 mm/sec at
room temperature. As one lowers the temperature one would expect the
probability for occupation of the lowest level to increase by a Boltzmann
factor and, in fact, the splitting does increase. If as the pressure
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increases the energy difference between states increases, one would
expect the splitting to increase with pressure and ultimately to
“saturate ” when only the ground state had significant occupation
probability. This indeed happens for many high spin ferrous systems
as is illustrated in Fig. 13 for ferrous oxalate. There is a large number
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F1e. 13. Quadrupole splitting versus p TOUS p

of other examples in the literature (for example Champion et al., 1967a).
However, pressure may act to reduce the splitting among the tz, levels
and partially to equalize their occupation probability, thus reducing
the quadrupole splitting as is shown for FeF, also in Fig. 13. For no
change in relative distortion, it can be shown that the distorting field
should increase as r~3 (or this term times a function of angle). Thus,
one would expect more examples of increasing than of decreasing
quadrupole splitting with increasing pressure for high spin ferrous
compounds, and this is what is observed.

For high spin ferric compounds in a strictly cubic environment one
would expect no quadrupole splitting. In almost all cases there appears
to be some distortion, either trigonal, tetrahedral, or rhombohedral,
since most high spin ferric compounds show small but measurable
quadrupole splitting (0-3-0-6 mm/sec). Since the ferric quadrupole
splitting responds directly to the ligand-metal distance (as r-3), one
would expect a large pressure effect. As typical data for KsFeFg and
FeF3-3H0 show (Fig. 14), this is indeed observed. Frequently, the
increase in splitting with pressure is more rapid than 73, indicating
that there is a tendency to increase the non-cubic component of the
field with pressure.

. i
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No general discussion of low spin compounds is possible, since these
involve strong chemical binding and complex orbital occupation, but
there are some special cases (not necessarily low spin) which deserve
discussion. Firstly, ferrocene, which was mentioned briefly in the
section on isomer shifts, is one of the most interesting and most
thoroughly studied organometallic compounds. Iron is sandwiched
between two C;H; (dicyclopentadiene) rings to form a very stable
molecule. The effect of pressure has been studied on both the optical
and the Mossbauer spectrum of this compound (Zahner and Drickamer,
1961; Vaughan et al., 1967a).

There have been a number of theoretical treatments of the electronic
structure of ferrocene, but that of Dahl and Ballhausen (1961) forms the
best basis for discussion of pressure effects. The application is dis-
cussed in detail by Vaughan and Drickamer (1967a). By estimating
bond compressibilities from bond-force constants one can estimate
orbital occupation as a function of pressure. One can show that there
is a significant electron transfer from metal to ligand in the egqg(d + 2)
orbitals with increasing pressure, and a reverse flow in the eg(d +1)
orbitals. Using the treatment of Hofflinger and Voitlinder (1963),
one can show that this would predict a marked decrease in quadrupole
splitting with increasing pressure. As shown in Fig. 15, the experi-
mental and predicted splittings are in essentially quantitative agree-
ment; as shown in Vaughan and Drickamer (1967a), the theory also
predicts correctly the behaviour of the low energy optical transition as
a function of pressure.

The compound «-Fe0jg is one of the most studied of iron compounds.
It has a rhombohedral crystal structure with each iron located in an
octahedron of oxygen ions, although the iron is about 0-06 A above the
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centre of the octahedron. The material is antiferromagnetic below
950°K; from 950°K to about 260°K the internal magnetic field is
perpendicular to the (111) body diagonal of the unit cell. Below this
temperature (called the Morin temperature) it reorients through 90°
and becomes parallel to the body diagonal. In such a crystal the
equation for the quadrupole splitting contains a factor (3 cos2d—1)
which changes from —1 to + 2 as one goes from a temperature above to
one below the transition. This change in quadrupole splitting as a
function of temperature has been observed by Ono and Ito (1962).

The effect of pressure on the quadrupole splitting has been observed by
Vaughan and Drickamer (1967b) using Mossbauer resonance; the low
pressure region has also been studied by Worlton et al. (1967) using
neutron diffraction. Figure 16 shows the observed splitting as a func-
tion of pressure. A sign change is obtained at about 30 kb. This has
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the qualitative features of a Morin transition, although there are several
anomalous points. The transition is smeared out over a considerable
range of pressure and in this transition region one does not observe the
peak broadening which Ono and Ito saw in the temperature region where
two phases were present. Finally, in the high pressure region the
magnitude of the splitting is not twice the atmospheric pressure value.
These observations can be explained by a small movement of the iron
ion in the oxygen octahedron. It is possible to show that a shift of
only 0-04 A in the position of the iron in a direction towards the centre
of symmetry would be enough to cause the quadrupole splitting to go
to zero. A slight shift accompanied by the Morin transition would
account for the results. Worlton and Decker (1968) have shown that a
more plausible argument involves the continuous change of the angle
between the antiferromagnetic axis and the (111) axis of the erystal.

C. MAGNETISM

In the introduction it was pointed out that a magnetic field at the
iron nucleus removed the degeneracy of both the ground state and the
excited state. When one considers the selection rules, one can account
for the observed six line spectrum. The changes in splitting of pairs
of these lines with pressure measure the change in magnetic field. To
date there have been only a limited number of Mossbauer resonance
studies of magnetic fields at high pressure. We shall discuss briefly
only two cases: ferromagnetism in iron, cobalt and nickel, and anti-
ferromagnetism in cobalt oxide. .

The magnetic field in iron as a function of pressure has been studied
by Pound et al. (1961), Nicol and Jura (1963), Pipkorn et al. (1964), and
Moyzis and Drickamer (1968a). A plot is shown in Fig. 17; the solid
line in the figure represents the results of zero field n.m.r. measurements
by Litster and Benedek (1963). It is interesting to see the very close
agreement to 60 kb, the limit of the n.m.r. measurements, as this repre-
sents a check on both measurements but also yields additional informa-
tion. The n.m.r. measurements are sensitive only to atoms at the
surface of a domain, while Mossbauer resonance reflects the average
field of all of the atoms in the domain. Apparently, the effects of
pressure are very uniform throughout the domain. It should also be
mentioned that the high pressure Mossbauer studies have shown that
the high pressure (h.c.p.) phase of iron is paramagnetic at least at room
temperature. *

The magnetic field in nickel and in cobalt has been studied as a func-
tion of pressure, using 57Fe produced by the decay of 57Co as a probe by
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Drickamer et al. (1965) and in nickel by Raimondi and Jura (1967).
Zero field n.m.r. measurements in cobalt as a function of pressure have
been reported by Jones and Kaminov (1960), Samara and Anderson
(1963) and by Anderson (1965). In Fig. 18 are shown the smoothed
values for iron in cobalt and nickel, compared with the data for pure
iron discussed above. In both nickel and cobalt there is a distinct
increase in magnetic field with pressure in the low pressure region, in
distinet contrast to iron. In nickel there is a maximum of about
5-10 kb and in cobalt about 40-60 kb, and at higher pressures the field
decreases as in iron.
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Magnetism in metals and alloys is a very complex phenomenon,
especially from the atomic viewpoint. There are a number of theories
and no general agreement about many basic points, for example the
degree to which the magnetic electrons are bound or itinerate. The
theory has not advanced to the point where there is any really accept-
able explanation of these pressure effects.

Cobalt oxide (CoO) at room temperature and atmospheric pressure
is a cubic paramagnetic crystal with the sodium chloride (f.c.c.) struc-
ture. At 291°K it becomes antiferromagnetic, the transition being
accompanied by a slight tetragonal distortion. The magnetic field has
been measured as a function of temperature by Wertheim (1961) and
Bearden et al. (1964); their results are represented on the left-hand side
of Fig. 19. As one increases the pressure beyond 20 kb at 298°K, a
magnetic field appears and increases with increasing pressure, as is
shown on the right hand side of Fig. 19 from Coston et al. (1966).
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Since antiferromagnetism in materials like CoO is described in terms of
superexchange, which depends strongly on overlap of wave functions
of adjacent ions, the study of the field as a function of interatomic
distance at constant temperature should be a very fruitful field of
investigation.

It has been emphasized throughout this section that the initiation of
ferro- or antiferromagnetism in a solid is heralded by the appearance
of a six line spectrum. The observation of the appearance and disap-
pearance of this six line spectrum as a function of pressure at constant
temperature, or as a function of temperature at constant pressure,
makes a very useful way of determining Curie or Néel temperatures as
a function of pressure.
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D. THE MEASUREMENT OFfNUMBER

While the f number, the fraction of recoilless decays, is a very basic
quantity in Mossbauer theory, its quantitative experimental evaluation,
even at one atmosphere, is very difficult. The main purpose of such a
measurement is to study the localized vibrational structure in the solid
in the neighbourhood of the decaying atom. As we shall see, in transi-
tion metals in the first order this does not differ greatly from the
vibrational structure of the host.

The extensive high pressure measurements involve 57Co (57Fe) as a
dilute solute in copper, vanadium and titanium. These have respec-
tively, the f.c.c., and b.c.c., and h.c.p. structures, although titanium
undergoes a transition near 80 kb, We shall be concerned here only
with the measurement of relative f’s, that is the value of f relative to its
value at one atmosphere and the same temperature (294°K). Figures
20 and 21 show plots of f/fy versus AV/Vq for copper and vanadium
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from Moyzis and Drickamer (1968a). The titanium data are more
scanty, but similar in nature. One sees that within the accuracy of the
data the relationship is linear.

From eqn (3) it is convenient to write :

2Inf

v 7Y &3

2In 6

mV is the Griineisen constant,

where y=-—
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_6E, 1 1 2 (T gy
e 7= i (6 5]
It should be noted that the dependence on w({w=2)) is the same as for
X-ray scattering but differs from the specific heat which varies as

(.
The experimental results give :

alnf

71 Flo, =~ 125 (23)
olnf| _ ..
Fm Y|, =~ 138 (24)
olnf| _
TRV = O (25)

From these results it is possible to calculate a value for the charac-
teristic temperature 6 which can be corrected to apply to the host
lattice by the relationship :

ou=(:'n—")mof (26)

where 0= 6 of host, ;=6 obtained from experiment, m, m'=mass of
host and impurity atom.

Since the relationship of Figs 20 and 21 is linear, the above calcula-
tion can be assumed to apply at an average pressure of 50 kb. One




P—— - ——

28 HIGH PRESSURE MOSSBAUER STUDIES
can calculate the one atmosphere value from
V.\*
Op=(=2) 6
v=(72) & (27)
where y is the Griineisen constant.
The resultant values for 8 are listed in Table I. Since the f number

measures & mean value of {(w=2) where w is the lattice vibrational

TasLE I. Mossbauer and Griineisen constants for copper,
vanadium and titanium

50 kb Atmospheric

Element 0r(°K) Onost(°K) 07(°K) Onost(°K) b4

Cu 350+ 14 331+14 327+ 14 309+ 14 1-998
v 268+ 10 284+11 258+ 10 274+11 1-257
Ti 339+35 370+ 40 321+35 350+40 1-232

frequency, it is most meaningful to compare these 6’s with 6 obtained
from X-ray diffraction measurements. Unfortunately, this can only
be done for copper. Table II summarizes the available data for this
metal. It can be seen that the X-ray results are in excellent agreement
with the predictions from high pressure Mossbauer data.

TasLE II. 6p from X-ray measurements for copper

Investigators Debye parameter (°K)
Owen and Williams (1947) 314
Burie (1956) 299
Chipman and Paskin (1959) 307 (327)*
Flinn et al. (1961) 322
Graevskaya et al. (1965) 310

Lh -/ hetic value ted for one and two phonon generation.

A direct comparison of these results with other data for vanadium is
more difficult. The values of 6 available are from low temperature
specific heat measurements and are listed in Table III. It should be
kept in mind that vanadium is superconducting below 5-4°K so that
measurements must be made in a field 5-10 kgauss. Further, a large
correction for electronic specific heat is necessary. The results in
Table IV show a rather distinct trend with sample purity, with the
more impure samples agreeing with our result. This is perhaps

o —
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TasLe III. 8p from specific heat measurements for vanadium

Investigators Sample purity (%) ye (°K)

Wolcott (1955) >99-98 380

Worley et al. (1955) sample 1: 99-50 308
sample 2: 99-80 273

Corak et al. (1956) ~99-80 338

Clusius et al. (1960) 9950 425%

Radebaugh and Keesom (1966) >99-99 382

s Experiment perf d in perature range 11-23°K.

reasonable, as our samples contained 57Co (57Fe) impurity. It must be
remembered that fc, is a distinct function of temperature and may be
50° or more lower at room temperature.

For titanium, Wolcott (1957) and Johnson and Kothen (1953) have
made C, measurements over a long temperature range. At low tem-
peratures they obtain #=430°K and near room temperature a value of
360°K, in very good agreement with these results.

The results for these three metals demonstrate that, to a good
approximation, y is independent of density at least to 100 kb, which
validates the Griineisen equation of state over this range and permits the
prediction of @ as a function of pressure to 100 kb at least.

TasLk IV. Constants A and B for relationship K =A4Pp

Compound A B
FeCls 0-265  0-56
FeBrs 0-076  0-43
KFeCly 0-092  0-50
FePO4 0-078  0-46
Phosphate Glass 0-048  0-31
Ferric Acetate (418°K) 0-022 0-98
Ferric Citrate 0-112 0-35
KsFe(CN)s 0-109  2-06

E. CONVERSION OF Felll 1o Fell

As has been emphasized in the earlier sections, the Mossbauer
spectra of high spin ferrous and high spin ferric iron are entirely dif-
ferent, both as regards isomer shift and quadrupole splitting. It is
therefore easy to discern the appearance of one oxidation state in the
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presence of the other, and to estimate the relative amounts of the two
states from computer fit areas. Although the difference in low spin
states is less spectacular, the calculation is still possible. Perhaps the
most remarkable of the high pressure Mossbauer observations is that
ferric iron reduces to ferrous iron with increasing pressure in a wide
variety of compounds, and that this is essentially a reversible process.
This has been discussed in a series of articles including Champion et al.
(1967), Champion and Drickamer (1967a, b), Lewis and Drickamer
(1967a), and Fung (1968).

As an example, a series of spectra for FeClg are shown in Figs 22(a, b).
The process reverses upon release of pressure, but with considerable
hysteresis. On removing the pellet and powdering the sample one
almost always recovers the atmospheric spectrum. A greater or lesser
degree of conversion has been observed in FeCls, FeBrs, KFeCly,
FePO4, Fey(S04)3, Fe(NCS)3, Fe(NH3)sCls, K3Fe(CN)g, ferric citrate,
basic ferric acetate, ferric acetyl acetonate, ferric oxalate, various
hydrates, hemin and hematin.

The form of the pressure dependence is essentially always the same,
as is illustrated in Figs 23 and 24. If one defines an equilibrium
constant K=Cu/01n, then

K=APB (28)

where A and B are independent of pressure. Typical values for these
constants are shown in Table IV. It has been shown that one is
observing true equilibrium and not the results of slow kinetics by the
fact that successive spectra run at the same pressure are substantially
identical.

The reaction is almost always endothermic, that is the conversion
increases with increasing temperature, although in the case of hemin
the conversion actually decreases with increasing temperature. The
heat of reaction generally is in the range 0-1-0-3 eV, and usually
increases with increasing temperature. For the most ionic systems
the heat of reaction does not depend significantly on pressure, but in
more covalent materials it may increase or decrease sharply with
increasing pressure.

One is faced with two problems in discussing these results : why does
the electron from ligand to metal take place, and why does the reaction
have the observed pressure dependence, that is why does one not
obtain discontinuous ferric to ferrous conversion at some pressure.

As discussed in the introduction, it is possible to excite an electron
optically from the non-bonding ligand levels to the lowest antibonding
metal levels (f2y—>t2g in octahedral symmetry). This optical charge
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' o ' ' " transfer peak normally has an energy of 3-6 eV, with a long low energy
60 | i tail which may extend through the visible and even into the infrared
part of the spectrum. As indicated earlier, a red shift (shift to lower
*or 1 energy) of one-half to 1 eV in 100 kb is observed experimentally, and
— can be explained theoretically; however this is of course not sufficient
20 3 % to move the optical peak to zero energy. The high pressure transition

ol 1 Loy I 1 B
10 20 30 60 100 200
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Fic. 23. In K versus In P—FeCl;, FeBrs and KFeCly.

Fe
ACETATE
(418°K)
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F16. 24. In K versus In P—FePO4, K3Fe(CN)g and basic ferric acetate.

observed by the Mossbauer studies is, however, a thermal transition
which takes place sufficiently slowly so that the atomic coordinates
can assume their new equilibrium values, whereas an optical transition
must take place vertically on a configuration diagram, according to the
Franck—Condon principle. The situation is illustrated in a typical
diagram in Fig. 25. The horizontal configuration coordinate is typi-
cally some vibrational mode of the system (metal plus ligands) which

v

Fre. 25. Sch ti fig i i diagram. O =optical t: ition, T =th: 1
transition.

permits the rearrangement. The observed tail on the charge transfer
peak is consistent with a very steep slope of the side of the excited-state
potential well above the centre of the ground-state well, and accounts
for the small thermal energy necessary for the transition. The diagram
also explains the temperature coefficient of the equilibrium constant,
as there is a thermal distribution for transfer of electrons from the
ground to the excited electronic level, and in addition a distribution of
electrons among the vibrational levels of the ground state with increas-
ing temperature.

There remains the problem of the pressure dependence of the con-
version. Qualitatively, one can see why the conversion does not go to
completion at a given pressure as follows. When electron transfer
takes place, one creates a ferrous ion in a ferric site plus a free radical or
radical ion. (The excitation may also be smeared out over the nearest
neighbour ligands.) There is thus a transfer of charge, a change of
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volume and a distortion. This affects the neighbouring complexes,
distorting the potential wells in such a way as to make electron transfer
less favourable. With increasing pressure the excited state is lowered
further and one obtains more conversion, but with further increase in
local strain. The sluggishness and hysteresis with which the process
reverses on release of pressure can be associated with the stored up
strain.
The situation can be described thermodynamically :

K =exp (—AG/RT) (29)
anK__PAV_P(Vui_ 7 i
dmP- R - ET (30)

where VI and VI refer to the partial molar volumes of the ferric and
ferrous sites plus their associated ligands.
From our empirical observation

dn K
olnP
where B is a constant. One can rearrange eqn (29), remembering that
K=Cr1/1-Cy1. Then
9InCyp_P (VI 71)
dlmP RT

B (31)

(Crry)- (32)

Thus, the fractional increase in conversion with fractional increase in
pressure is proportional to Crr, the number of sites available for con-
version. The proportionality coefficient is the work necessary to form
a ferrous site from a ferric site, measured in thermal units (that is in
units of RT). It is entirely reasonable that in the first order the
dependence would be first order in these variables, and that to the first
approximation the coefficient is a constant. Experimentally, it
appears that higher order terms are negligible.

F. HIGH PRESSURE MUSSBAUER STUDIES ON GLASS

An interesting application of high pressure Mossbauer resonance is
the investigation of the structure of glass. Lewis and Drickamer
(1968) and Kurkjian and Sigety (1964) have made extensive studies,
correlating the atmospheric Mossbauer spectrum of ferric ions with the
site symmetry. Tischer and Drickamer (1962) have studied the effect
of pressure on the optical spectra of a number of transition metal ions
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in various glasses. The work discussed here involves Mdossbauer
studies of FelIl and Fell jons in a phosphate and in a silicate glass.

The phosphate glass consists of chains of POy tetrahedra with little
crosslinking, in contrast to the silicate glass discussed below. Both the
ferric and the ferrous ions are in octahedral sites in the phosphate
glass. High pressure Mossbauer resonance studies have also been made
on FePOy and Feg(POy)2 in the crystalline state (Champion et al.,
1967a). The Felll jon in the glassy medium behaved in much the
same way as it did in the crystal. This is illustrated in the change in
isomer shift and quadrupole splitting for the FeIIlion in Figs 26 and 27.

T T T T
——— Fe'™ IN CRYSTALLINE FePO,

ISOMER SHIFT
(RELATIVE TO IRON METAL)mm/sec

030 L 1
o 50 100 150 200

PRESSURE (k bar)
F1c. 26. Isomer shift versus y Felll in phosphate glass.

The ferric ion reduced to the ferrous state with pressure in the glass as
it did in the crystal but with different coefficients A and B. These are
listed in Table IV in the previous section. The behaviour of the
Fell jon in the phosphate glass was also quite similar to that in the
crystal.

The silicate glass, in addition to chains and rings, includes three
dimensional networks. Kurkjian and Sigety (1964) have shown that
the ferric ion is in a tetrahedral site in silicate glass, while Tischer and
Drickamer (1962) indicate that the ferrous ion is in a loose octahedral
site. Weyl (1951) shows that the ferric ion is both a network former
and a network modifier in silicate glass, that is it can replace a silicon
or be in an interstice. Ferrous ion is always a network modifier.

The isomer shift for Fe!Il jon is shown as a function of pressure in
Fig. 28. One observes an increase with increasing pressure in the low
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am
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F1e. 27. Quadrupole splitting versus p

Felll in phosphate glass.
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Fig. 28. Isomer shift versus pressure—Fe!! in silicate glass.

pressure region, a maximum at about 60 kb, and a decrease at higher
pressures. The rather low initial value is consistent with a high degree
of covalency. Apparently, in the low pressure region changes in
orbital occupation dominate, while at high pressure the deformation
of the wave functions controls and gives an increase in electron density
at the nucleus with increasing pressure. The quadrupole splitting
increases very rapidly with pressure, especially at lower pressures,
indicating that substantial changes in site symmetry and/or electronic
structure occur in the lower pressure region. No tendency for FeIll to
reduce to Fell was observed.
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The ferrous ion, in a loose octahedral site, shows virtually no change
in isomer shift with pressure. The quadrupole splitting behaves in an
unusual manner as shown in Fig. 29; at low pressure there is a small
but distinet drop, then a rise. Obviously there is a combination of site
compression, change of symmetry, and electron redistribution at these
sites. A run was also made with radioactive 57Co introduced as
cobaltous ion in silicate glass, and it, of course, does decay to ferrous
jon. As can be seen in Fig. 29, the quadrupole splitting behaved
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L L
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Fic. 29. Quadrupole splitting versus pressure—Fel! in silicate glass.

identically to the ordinary ferrous ion, while the isomer shift parallels
the behaviour of ordinary ferrous ion but at considerably higher
electron density. The only apparent difference was that the cobalt
formed a very dilute solution, while the iron was present in about 57;
concentration.

In summary, it can be said that both FeIIl and Fel sites in phos-
phate glass behave very much like those in crystalline phosphates.
In silicate glass the FelIll sites exist in tetrahedral sites with considerable
covalency and undergo significant change in orbital occupation in the
low pressure region. At the ferrous sites, which are of open octahedral
symmetry, there is considerable distortion with increasing pressure.
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