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Abstract

The behavior of a small amount of Fe?* in the alkali chloride crystals was
investigated mainly by the use of absorption Méssbauer spectroscopy. In cases of
both lithium chloride and sodium chloride systems containing a small amount of
iron (II), the single line absorption due to Fe2* substituted for Li* or Na* was ob-
served at room temperature. The assignment was also justified from the results
obtained in Md&sshauer spectrum measurements of hoth LiCl (7Fe) and NaCl (57Fe)
systems containing about 0.1 atomic percent (abbreviated as at%) of enriched iron-
57(II). %9Co-7 ray irradiation experiments were also performed for the both
systems to elucidate the interaction between Fe?* and defects in the crystals, but
irradiation effects were not observed.

In cases of potassium chloride and rubidium chloride systems containing a
small amount of iron(Il), only one doublet absorption with the isomer shift charac-
teristic of ionic ferrous ion was observed at room temperature. Each doublet
absorption was interpreted as to be arisen from the K FeCl; compound in case of
potassium chloride system and the RbyFeCl; compound in case of rubidium chlo-
ride system, respectively. The assignment was also justified from the results ob-
tained in X-ray diffraction and Mosshauer spectrum measurements of the potas-
sium- and rubidium-chloroferrate compounds prepared in an electric furnace.
80Co-7 ray irradiation effects were not observed for the potassium- and rubidium-
chloroferrate compounds.

In case of cesium chloride system containing a small amount of iron (II), one
doublet absorption with the isomer shift characteristic of ionic ferrous ion was ob-
served only at liquid nitrogen temperature. The absorption was assigned to the
Cs3FeCl; compound from the results obtained in X-ray diffraction measurement of
the cesium chloride system.

1. Introduction

When divalent metal impurity ions are
incorporated into an alkali halide lattice,
they go in substitutionally for alkali ions?.
Because of the extra positive charge of
these ions and the requirement of charge
neutrality, an equal number of negatively
charged defects must also be simultane-
ously introduced. In the light of this
reason, the positive-ion vacancy is the
most probable defect to be formed in pure
alkali halide. As a result, in the absence
of other chemical impurities, divalent
cation addition will be accompanied by the

introduction of an equal number of posi-
tive-lon vacancies?. This is illustrated in
Fig. 1 (a) and (b).

Because controlled numbers of posi-
tive-lon vacancies can be introduced in
this manner, alkali halides doped with di-
valent cations have been studied exten-
sively in the past in order to determine
the properties of the positive-ion vacancy?.

However, a complete interpretation of
these experiments has not been possible
because the importance of interaction
between the divalent cations and the
vacancies has not been known. A posi-
tive-ion vacancy, being a missing positive



Méssbauer Study of Alkali Chioride Crystals 65

+7C)+"+—()‘l"‘
a
- O+ -6 - +
+ -+ - + = + =
- + + - + — +
o {a)
+ - Myt - 3=
-+ -6 - + - +
+ -+ - + - + -

Fig. 1. Divalent ion incorporation in
an alkali halide lattice.
Charge compensation may
arise from positive-ion
vacancies either (a) separated,
or (b) bound to the ion.
Possible charge compensation
by another chemical impurity
is shown as (c).

charge, can be considered as carrying an
effective negative charge in the lattice. It
will experience a coulombic attraction to
the extra positive charge of a divalent ion
and may tend to pair off with it, as shown
in Fig. 1 (b). This complex is called a
simple associated pair. Complexes involv-
ing more than one defect are also possible.
The pair of Fig. 1 (b) will usually contrib-
ute differently to the physical property
being measured than the isolated defects
of Fig., 1 (a). Therefore, in order to
interpret the experiments properly, it is
necessary to know the degree to which
association occurs. Detailed understand-
ing will also require knowledge of the
types of complexes involved, and theoreti-
cal estimates have been made indicating
that significant association should occur?™~9,

Experimental evidence of association
has also been cited in ionic conductivity®,
dielectric lossb, diffusion?), optical colora-
tion” and nuclear resonance® measure-

ments on these or similar crystals. How-
ever, these methods give less detailed
information than the electron spin reso-
nance studies, because they are relatively
indirect and may not lend themselves to
unambiguous interpretation. But our under-
standing on the problem is still ambiguous
because the published data are inconsis-
tent with each other in some cases.
Hence, an attempt to solve the ambiguous
point has been done by means of Méss-
bauer spectroscopy. In the first place, the
principle of Mossbhauer effect is briefly
described below.

The Mossbhauer effect is the recoilless
emission and resonant absorption of y-
rays. The resonant absorption is ob-
served when the energy of 7y-rays (14.4
keV) emitted from the excited nucleus is
matched to the difference of the energy
levels between the excited and ground
states of the absorber (Fig. 2). Its impor-
tance lies in the production of extremely
monochromatic radiation which can be
used as a spectroscopic source of energy
to probe details of chemical structure and
bonding. The precise energy of the
resonant transition is influenced by three
hyperfine interactions.

0.2,

706

(keV)

367 EC
136 11 8.9 ns

1.4 e —="08 ns
Fe

Fig. 2. Energy levels of Méssbauer
(57Fe) nucleus.
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The first of these interactions gives
rise to a chemical isomer shift, §, and
originates in the varying coulombic inter-
action between the positive nucleus of an
atom and its electronic environment. The
isomer shift is directly proportional both
to the change in nuclear radius on excita-
tion, R/R, and to the change in s-electron
density at the nucleus on going from the
source to the absorber. Its magnitude is
determined by the following factors :

1. Electronic configuration of the
atom, including
(a) oxidation state
(b) spin multiplicity

2. Shielding effects of p, d and f
electrons on the s-electron densi-
ty at the nucleus

3. Covalency effects in modifying s,
p and d electron population and
distribution, including
(a) o withdrawal of electrons by
electronegative groups
(b) deshielding due to d, back
donation

The second hyperfine interaction from
which information can be obtained is the
quadrupole splitting, 4.  Any nuclear
state with a spin quantum number 1 >
1/2 has a quadrupole moment, @, which is
able to interact with an electric field gra-
dient, ¢, to lift the degeneracy of the state.
In the simplest case of a transition be-
tween | £3/2> and |+1/2> in an axially
symmetric electric field gradient, the
quadrupole splitting, 4, is directly propor-
tional to both @ and ¢. In general, it has
been found that 4 is an extremely power-
ful probe of local site symmetry and its
magnitude has been found to depend on:

1. Electronic configuration of the
atom, including
(a) oxidation state
(b) spin multiplicity

2. Site symmetry, including effect

Kat

of
(a) coordination number
(b) cis-trans isomerism
(¢) ligand-field distortion etc.
3. Contributions from neighboring
charges (atoms or ions)
(a) asymmetric withdrawal of p
and d electrons for bonding
(b} polarizable atoms in covalent
assemblies
{c) lattice terms in ionic crystals

The third hyperfine interaction which in-
fluences the Mossbauer spectrum is the.
nuclear magnetic Zeeman splitting which
arises when the nucleus is subject to an
internal or an applied magnetic field.
The extent of the energy separation
depends both on the nuclear magnetic
moments of the ground and excited states,
and also on the magnitude of the magnet-
ic field, H. Thus in %Fe the |£1/2>
ground state splits into two sublevels and
the |43/2 > excited state splits into four
sublevels ; transitions between these are
normally subject to the selection rules of
m=0 and 1 so that six resonance lines will
be seen. If an electric field gradient is
also present then there is a perturbation
which disturbs the even spacing of lines
and enables the mutual orientation of H
and ¢ to be determined.

From a general theory described above,
we will be able to appreciate that Mdss-
bauer spectroscopy is widely applied to
the problems in solids™%. The type of
solids used for the study ranges from
inorganic compounds to metals and alloys?.
The way of using the Mdssbauer spectros-
copy is divided into two different catego-
ries, i.e., emission Mosshauer spectroscopy
and absorption Mosshauer spectroscopy.
The emission Mdsshauer spectroscopy
consists of the source containing 5Co in
the sample and the absorber containing
natural or enriched (¥Fe) iron nuclei. The
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absorption Mossbauer spectroscopy s
essentially the same with the emission
Mossbauer spectroscopy except that the
iron nuclei are in the sample and that the
57Co nuclei are outside the sample.

Over the past seventeen years a
great deal of effort has been invested in
investigating the nature of defect associa-
tion of dispersed divalent ions in an
alkali halide host by employing emission
Méssbauer  spectroscopy!0~20), Crystals
doped with low concentrations of 5Co,
the radioactive parent atom of the stable
Mésshauer isotope 57Fe, have been used
as sources. The spectral distribution of
14.4 keV y-ray from these sources is ana-
lysed with a standard single line absorber
such as potassium ferrocyanate in these
source studies.

MutLenl®  found the species present
at high concentrations (10* ppm) to be es-
sentially Fe?+ (presumably an aggregate),
while at lower concentrations (10 ppm) the
Fe?* disappeared, and a doublet with an
isomer shift corresponding to Fe3*, and a
single line with a negative isomer shift
corresponding to Fe* were seen!!l. The
kinetics rather than thermodynamic stabil-
ity of this system was emphasized by the
increase in the intensity of the Fet peak if
the crystal was quenched rapidly from
high temperature ; slow cooling gave Fe®*
only. Both KCI'® and LiF!® gave essen-
tially similar spectra, with an Fe?* doublet.

The origin of the Fe* peak is not clear ;
it could arise either from Co* or Co?*, but
the absence of quadrupole splitting would
suggest that it is not associated with
vacancies. Co* may be produced by the
electron capture decay of %Co nuclei,
followed by the auto-radiolysis of the
crystal. Even in the few hours required
to accumulate a spectrum, the crystal will
receive a considerable radiation dose (1017
eV/g in 10hr, assuming 100 keV/decay),

and in view of the effects of irradiation on
the EPR spectra, this could be expected
to change the initial state of the cobalt
atoms. KamaAL and MENDIRATTALS found
that further irradiation of the crystals with
X-rays produced no further effects, imply-
ing that the dose from the 5Co may have
saturated the crystal.

In all cases the 57Co was introduced in
the +2 oxidation state, but a signal corre-
sponding to Fe?* was seen in only one
case’® where very low concentrations
were used, and the crystals were annealed
and cooled very carefully in the absence
of light. Hennig and Kim Yunc!? claim
that the large quadrupole splitting is due
to another divalent negative impurity ion
such as 02~ as shown in Fig.1 (¢}, but it
could equally be due to a nearby vacancy.

The only work on sodium fluoride!®
introduced the cobalt by diffusing a film
of metal into the crystal; the resulting
spectrum was very different from the
results obtained for NaCl, and shows all
the features of the high concentration Fe?*
region.

As described above, the results of
these investigations have been brought
with controversy. The conflicting spectra
observed exhibit multiple charge states
Fe*, Fe?* and Fe3*. It is puzzling that a
simple impurity-vacancy dipole model
shown in Fig.1 (b) has not found any
support from source studies, while ESR
experiments?!) on stable divalent ions in
alkali halides have convincingly demon-
strated the existence of such dipoles. A
corresponding Mésshauer absorber study
emploving alkali halide crystals doped
with stable 57Fe isotopes has never been
tried due to the need of using concentra-
tion of 5Fe far in excess of its solubility
limit. Further, somewhat difficult chemis-
try in the laboratory preparation of 5FeX,
(X=F, Cl, Br, etc) in significant amounts
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and its introduction into the alkali halide
crystals in the dispersed form has tended
to discourage absorber studies.

In the present study an attempt to
elucidate the behavior of a small amount
of Fe?* in alkali chloride crystals was
made mainly by the use of absorption
Méssbauer spectroscopy.

2. Experimental

2.1 Materials

Alkali chloride crystals containing a
few at% of iron(Il) were prepared by
melting a mixture of weighed quantities of
alkali chloride and iron(Il) chloride in Nj
atmosphere at 800°C for 2 hr in an electric
furnace (Fig.3). The melt was then
qguenched quickly by compressing it be-
tween two copper plates. Iron contents
were determined to be about 3 at% in all
the samples from an EDTA titration me-
thod.

MC1 + PeCl, { M= 1i, Ka, X, Rk, Cs )

fused in a guartz crucidle in N,
atmosphere at 800 °C for 2 hr in

an electric furnace

Melt

quenched guickly between iwo

copper plates

Sample ( MC1 doped with a few at$ of iren(II) )

Pt X~ray powder diffraction

Masbauer spectroscopy

Fig. 3. Experimental scheme for

MC1 (Fe) system (M = Li,
Na, K, Rb and Cs) containing
a few at% of iron (II).

Lithium chloride and sodium chloride
samples containing about 0.1 at% of en-
riched iron-57(11) were also prepared for
comparison by using the electric furnace

Kal

shown in Fig.5. Iron-57(I) chloride used
for the doping experiments was prepared
in the same way as in the ref.22 (Fig.4).

Powdered metallic iron~57(enriched to 90.9 %)
heated in a boat-type ceramic crucible
in H, atmosphere at 110 °¢ for 1 hr in
an electric furnace

+ & few ml of dilute hydrochloric acid
heated at 110 °C for 30 min in the same
electric furnace

Reactant

+ a few ml of dilute hydrochloric acid
heated at 110 °C for 30 min in the same
electric furnace again

Iron~57({II) chloride sample

Mégsbauer spectroscopy

Fig. 4.

Experimental scheme for the
preparation of iron-57(II) chlo-
ride sample.

Electric furnace used for the
sample preparations: (A)
Quartz tube; (B) Asbestos;
(C) Kanthal coil; (D) Con-
denser; (E) Thermometer ;
(F) Dry ice; (G) Electric
source.

Fig. 5.

From the Mdéssbauer spectra (Fig. 6) and
parameters (Tablel) for the iron-57(II)
chloride samples, the heated sample (b)
containing anhydrous iron-57(I1) chloride
(absorption (Illy.)) was used for the doping
experiments because the sample (a) con-
tains a large amount of iron-57(II) chloride
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tetrahydrate (absorption (IIg)) which is
easily decomposed to @-57Fe,0; below a
melting temperature in doping experi-
ments. A mixture of weighed quantities
of dehydrated lithium chloride {or sodium
chloride) and the iron-57(II) chloride was
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Fig. 6. Mdssbauer spectra of iron-57
(I1) chloride sample before
(a) and after (b) the heat
treatment at 200°C for 1 hr
under Ho atmosphere.

Table 1. Mossbauer parameters for
iron-57(11) chloride sample
before (a) and after (b) the
heat treatment at 200°C for
1 hr under H, atmosphere.
§ and / represent the isomer
shift and quadrupole split-
ting values, respectively

(mm/sec)
Sample g 4
p (£0.01)  (£0.02)
(a) (1 pe) 117 2.31
(Hpe) 1.20 3.06
(b) (1 ve) 1.17 2.21
(Hpe) 1.10 0.83

placed in a boat-type ceramic crucible and
fused at 750°C (at 850°C in case of sodi-
um chloride) for 5 min under N, atmos-
phere {(Fig. 7). The melt was then quenched
quickly by sliding the crucible under the
condenser for cooling shown in Fig. 5.

LiCl ( or KaCl )
heated in a boat-type ceramic crucible
in H2 atmogphere at 110 °C for 1 hr in
an electric furnace

Dehydrated LiCl { or NaCl )
+ a few amount of iron-57(II) chloride
fused in R, atmosphere at 750 °C { at
850 °C in case of NaCl ) for 5 min

Melt
quenched quickly

LiCl ( or NaCl ) doped with about 0.1 at¥ of

iron~5T7(11)
Mgssbauer spectroscopy

Fig. 7. Experimental scheme for
LiCl (5"Fe) and NaCl (57Fe)
system containing about 0.1
at% of iron-57(10).

Potassium-chloroferrate compounds
(KFeCly and K FeCl)? shown in Fig. 8
were prepared for comparison by melting
a mixture of weighed quantities of potas-
sium chloride and hydrated ferrous chloride
(K/Fe=1,2 and 3) at 500°C for 1hr under
N, atmosphere in the electric furnace
shown in Fig. 5 (Fig. 9).

Rubidium-chloroferrate compounds
(RbFeCls, RbyFeCly and RbsFeClg)? shown
in Fig. 10 were also prepared for compari-
son in the same way as in the case of
potassium-chloroferrate compounds except
that the temperature in an electric furnace
was kept at 600 °C (Fig. 11). The dehy-
dration of water molecules in chemical
reagent FeCl,: 4H,O was carried out
before the fusion for both systems, at
300°C for 1hr in the same electric fur-
nace under H, atmosphere.
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Fig. 8. Phase diagram of KCl-FeCly
system :
(A) Lig.+KCl,
(B) Liquid,

(C) Lig.+FeCly,

(D) KCI+KyFeCly,
(E) Lig.+KyFeCly,
(F) KgFeCl,+KFeClg,
(G), (H) Lig.+KFeCls,
(I) XFeCls+FeCly.

KC1 + FeCl,-4H,0 ( K/Fe = 1, 2, 3 )
dehydrated in a gquartz crucible in H2
atmosphere at 300 °C for 1 hr in an
electric furnace

l fused in N2 atmosphere at 500 % for
1 hr
Melt

gquenched quickly
Sample

X~ray powder diffraction
Méssbauer spectroscopy

Fig. 9. Experimental scheme for the
preparation of potassium-
chloroferrate compounds.

2+2 Mossbauer spectroscopy

Mosshauer measurements were carried
out with a conventional spectrometer
operating in the time mode. Cobalt-57 (5
mCi) diffused into a palladium foil was
used as a source. The velocity scale was

Kal

800
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O:GOO (a) ©)
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0 20 40 60 80 100

FeCly (mol <)

Fig. 10. Phase diagram of RbCI-FeCl,
system :
(A) Lig.+RbCl,
(B) Liquid,
(C) Lig.+FeCly,
(D) RbCl + RbgFeCls,
(E) Lig. +RbgFeCls,
(F) Rb3F6C15+Rb2FGCI4,
(G), (H) Liqg.+RbyFeCly,
I RbgF@CH”‘RbFCClg,
(J), (K) Lig.+RbFeCls,
(L) RbFeCly+Fe(l,.

RbCL + FeCl,-4H,0 ( Rb/Fe = 1, 2, 3 )
dehydrated in a quartz crucible in Hy
atmosphere at 300 °C for 1 hr in an
electrie furnace

fused in N, atmosphere at 600 °¢ for
1 hr

Melt
cooled slowly

Sample

X~-ray powder diffraction
Mossbauer spectroscopy

Fig. 11. Experimental scheme for the
preparation of  rubidium-
chloroferrate compounds.

calibrated with a metallic iron foil, which
was also used as a reference for the isomer
shift values. All spectra were fitted to a
Lorenzian line shape using a least squares
iteration procedure.
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2¢3 89Co-7 ray irradiation

Lithium chloride and sodium chloride
samples containing about 0.1 at% of en-
riched iron-57(1I) and potassium- and
rubidium-chloroferrate compounds were
irradiated with %9Co-7 rays at room tem-
perature at the ®Co-y rays irradiation
facility of Kyushu University. All the
samples were crushed and pulverized in
an agate mortar in Ny atmosphere and
were placed in a polyethylene bag filled
with N, gas. The y-ray irradiation was
performed in the range of 1x10% R~
1x10% R with a dose rate of 1x108 R/hr.

2.4 The other measurements

X-ray powder diffraction measurements
were carried out with nickel filtered Cu-Ke
radiations, at Kyushu Environmental Eval-
uation Association.

3. Results and Discussion

3.1 LiCl-FeCl, and NaCl-FeCl; systems

In the Mdsshauer spectrum for the
LiCl(Fe) system containing a few at% of
iron, only a single line with the isomer
shift characteristic of ionic ferrous ion
was observed at room temperature (Fig. 12
{a) and Table2). It is noteworthy that
the single line for the Fe?* has rarely been
observed so far.

In general, the quadrupole splitting
for the ferrous ion in an octahedral en-
vironment will mainly be originated from
the quu value arisen from the non-cubic
distribution of d-electrons in the Fe?*
Hence, the interpretation for the single
line is considered to be difficult. In a few
other previous papers, the interpretation
is inconsistent with each other?s. 26},
Méssbauer measurement for this system
was then performed at both liquid nitro-
gen and helium temperatures, but no
splitting of the single line was observed in
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Table 2. Mgsshaver parameters for
each alkali chloride sample
containing a few at% of
iron. dand A represent the
isomer shift and quadrupole
splitting values, respectively

(mm/sec)
8 4
Sample (£0.01)  (£0.02)

LiCl (Fe) 1.13 0
NaCl(Fe) (1 xa) 1.12 0

(i xa) 1.09 1.01

(lhxa) 1.13 2.33
KCl(Fe) 1.12 1.57
RbCl(Fe) 1.18 1.74
CsCl(Fe)* 1.06 1.04

* measured at lig. Ny temperature.

contrast with the result for the 5Fe-doped
CdF,2". This single line is therefore
interpreted as to be arisen from Fe?* sub-
stituted for Li* located in the cubic site.
This consideration is also justified from
the fact that there was no change in the
X-ray diffraction lines between the pure
LiCl and the iron-doped LiCl, and that a
melting point depression of the lithium
chloride sample was observed in the dif-
ferential thermal analysis. Since the Fe?*
can be considered to be located in a per-
fectly symmetric site, there will be slightly
negative-charged vacancy in the nearest
neighbor?8, Mdossbauer spectrum meas-
urement for LiCl doped with about 0.1
at% of S'Fe(ll) was carried out for com-
parison at both room and liquid nitrogen
temperatures {Fig. 14 (a)), but the Mdss-
bauer spectral change was not observed
as in the case of LiCl(Fe) system (Table 3).
This shows that the spin-spin or spin-
lattice relaxation time of a small amount
of Fe?* in lithium chloride crystal is very
fast compared with the Mdsshauer transi-
tion time. Little change was also observ-
ed in the Mdssbauer spectrum for the

KAl

]OO ::;""““\""\1‘:"-’\’\""‘.\‘!"\!4,“ yv,yv;.,:uv.t-,\{-a»‘. IS
\‘. Iz
A
~—~ L
o \
= o8 v/ (a)
o
2
()]
i
% 100 RN R
o \ /
el vof
£
4 }
o8y Y (b)

0 2 3
Relative velocity (mm/sec)

of (a)
and (b)

Fig. 14. Mosshauer spectra
LiCl (57Fe) system
NaCl (57Fe) system.

Table 3. Mossbauer parameters for
lithium chloride and sodium
chloride samples containing
about 0.1 at% of iron-57(I1}.
8, 4 and " represent the val-
ues of isomer shift, quadru-

pole splitting and line width,

respectively

{mm/sec)

. 8 4 r
Sample  Temp. (K) (39 01y (£0.02) (+0.02)
LiCl (*Fe) 296 1.13 0 0.43
78 1.25 0 0.45

NaCl{*Fe) 296 1.15 0 0.31
78 1.27 0 0.33

LiCl(Fe) system after an isothermal anneal-
ing at 200°C. This shows that the fer-
rous ions in the LiCl{(Fe) sample are stable
against the heat treatment at 200°C.

In the Mosshauer spectrum for the
NaCl(Fe) systemn containing a few at% of
iron, three types of absorptions were
observed at room temperature (Fig.12
(h)). They consist of a single line (Iy,),
one doublet (Ily,) with a small quadrupole
splitting and the other doublet (Illy,) with
a large quadrupole splitting (Table 2).
According to the X-ray diffraction meas-
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urement, a weak shoulder peak was
observed on the higher angle side of each
diffraction line for the iron-doped sample.
This means that this sample has a differ-
ent phase having a pseudo NaCl structure,
in which the lattice constant is somewhat
smaller than that of pure NaCl. This fact
was justified from the observation of a
wavy extinction by means of a polarizing
microscopic  technique. Therefore, the
single line is interpreted as to be caused
by the ferrous ions substituted for the
sodium ions just as in the case of the
lithium chloride system mentioned above.
The doublet (IIly,) with a large quadru-
pole splitting is assigned to the aggregate
having a pseudo NaCl structure in the host
matrix, because its intensity is depend-
ent upon the iron content in the sample.
The assignment for the doublet was also
justified from the result that there was no
absorption of the doublet in the Mdssbauer
spectrum for NaCl containing about 0.1
at % of enriched iron-57(I1) (Fig. 14 (b) and
Table 3). The origin of the other doublet
(I, is not clear. One of the possible
explanations for the doublet will be an
interstitial site in the sodium chloride
sample which has a tetrahedral symmetry.

In the isothermal annealing for the
NaCl(Fe) system, the spectral changes
took place in the very early stage of the
annealing such as 200°C-1hr. At first, the
outer. doublet (Illy,) disappeared and a
new line due to trivalent iron species was
observed. On continuing the annealing,
the new line with a large quadrupole split-
ting (6=1.21mm/sec, 4=3.01 mm/sec)
grew up at the expense of the original
single line (In) and the inner doublet
(Iln,). There is a possibility that this
absorption is due to FeCly- 4H;0, but it is
excluded from the result of a determination
of water molecules by means of KarL
Fisuer’s method, i.e., only a trace amount

of water was detected. In the light of its
large quadrupole splitting and the in-
creased isomer shift value, the new line
can be explained by the creation of a new
species of divalent iron accompanied by
negatively charged vacancy as shown in
Fig.1 (b). Namely, the formation of an
iron-vacancy combination will result in a
distortion of the cubic symmetry in the
environment of the ferrous ions, thus
causing an electric field gradient. In
addition, the charge density at the iron
nucleus will also be changed, because the
cation vacancy has an effective negative
charge and the electrons around the
nucleus will tend to spend more of their
time away from the vacancy. Five hour
annealing was needed for the complete
conversion of the divalent species to the
trivalent species. This trivalent species
(6=0.43 mm/sec) was identified as a-Fey0s.
X-ray diffraction measurements were also
carried out for the sodium chloride system
after the different annealing times. The
results showed that the shoulder peak
mentioned previously disappeared as the
annealing proceeded. This is attributed
to the decomposition of the aggregate of
the metastable pseudo NaCl structure.
The 69Co-7 ray irradiation experiments
for LiCl and NaCl samples containing
about 0.1 at% of enriched iron-57(1)
were also carried out to elucidate the
interactions between Fe?' in the crystals
and defects as Cly~ center formed by irra-
diations which are reported to be fairly
stable in glasses 2930,
But there was little change in the Md&ss-
bauer parameters before and after r-ray
irradiations as shown in Table 4, which
were consistent with the results in ref. 31.
This may be due to the fact that Cly”
species formed in the crystal such as
alkali halide are unstable at room tem-
perature3?),



Table 4. Massbauer parameters for
lithium chloride and sodium
chloride samples containing
about 0.1 at% of iron-57(1)
after y-ray irradiations. §, 4
and [ represent the values
of isomer shift, quadrupole

splitting and line width,
respectively

(mm/sec)

Sample Dose ) 8 “A r
(x10* R) (£0.01) (&0.02) (£0.02)
LiCl (*Fe) 1 1.14 0 0.43
5 1.14 0 0.45
10 1.16 ] 0.47
NaCl (*"Fe) 1 1.15 0 0.32
5 1.16 0 0.35
10 1.17 0 0.38

3:2 KCI-FeCl; and RbCl-FeCl; systems

In the Mosshauer spectrum for the
KCl(Fe) systems containing a few at% of
iron, a doublet absorption was observed at
room temperature (Fig.13 (a)), and the
value of the isomer shift was characteris-
tic of ferrous ion in the octahedral envi-
ronment (Table 2). It can be considered
that this absorption is due to the ferrous
species existing as an aggregate of ferrous
chloride in KCl crystal because there
was no change in the X-ray diffraction
patterns between pure KCl and the iron-
doped KCI, and because the ionic radius
of K* is much larger than that of Fe?*
However, there will also be a possibility
of the formation of potassium-chlorofer-
rate compounds (KFeCly or KjyFeCly),
because there was no Mdssbauer spectral
change after a thermal annealing of the
KCI(Fe) sample at 200°C for 5hr. There-
fore, Mossbauer spectrum measurements
for the potassium-chloroferrate compounds
prepared in an electric furnace were
carried out.

In the Méossbauer spectrum for the
sample of K/Fe=1, two types of doublets

KAl
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Fig. 15. Madssbauer spectra of KCl-
FeCl, system; (a) K/Fe = 1,
(h) K/Fe = 2.

Table 5. Mossbauer parameters for
KCl-FeCly system. § and 4
represent the isomer shift
and quadrupole  splitting
values, respectively

(mm/sec)
§ 4
K/Fe (£0.01)  (£0.02)
1 (1x) 1.16 2.53
() 1.15 1.61
2 1.14 1.58
3 1.15 1.62

were observed at room temperature (Fig.
15 (a)). They consist of one doublet (Ix)
with a large quadrupole splitting and the
other doublet (IIx) with a small quadru-
pole splitting (Table 5). In the Mdsshauer
spectrum for the samples of K/Fe=2 and
3, only one doublet (IIx) was observed in
every case at room temperature. Only
the Mésshauer spectrum for the sample of
K/Fe=2 is shown in Fig.15 (b). All the
values of the isomer shift are in the range
characteristic of ferrous ion in an octahed-
ral environment (Table5). The Mdoss-
bauer parameters for the absorption (Ix)
are consistent with those for the KFeCl,
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Table 6. Mésshauer parameters for
potassium-chloroferrate com-
pounds. & and 4 represent
the isomer shift and quad-
rupole splitting values, re-
spectively, After D.H.Leech

et (1!,,
{mm/sec)
s 4
Compound (19, 01) (£0.02)
KFeCls 1.10 2.37
KsFeCls (1'09 1'59>
1.07 1.02

compound reported by D. H. Leect ef al.39
(Table 6). In case of sample of K/Fe=2
or 3, only one doublet absorption (lIx) was
observed in our study, while two types of
doublets were obtained in the study by
D.H. Leecu ef al3. The reason for the
two types of doublets was not described
in detail in the ref.33. The difference
between our result and theirs may arise
from the difference in the preparation
method. It is noteworthy that the Moss-
bauer parameters for the absorption (IIx)
are consistent well with those for the
outer doublet for the K,FeCl; compound

in the ref.33 (Table 6). Therefore, ab-
sorptions (Ix) and (IIx) will be assigned to
KFeCly and KyFeCl,, respectively. These
assignments are also confirmed from the
X-ray diffraction patterns, 7.¢., the sample
of K/Fe=1 showed two types of lines due
to KFeCly and K, FeCly, and the samples of
K/Fe=2 and 3 showed the lines due to
K FeCl; with a little KCl impurity (Fig. 16).

These results show that KyFeCly is
dominantly formed in the KCl-rich region,
which can be understood from the phase
diagram of KCl-FeCl, system by H.L.
Pincit ef af. It seems that the Mossbauer
parameters obtained in KClFe) system
are consistent with those for K,FeCl,
within the experimental error. Therefore,

o
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Fig. 16. X-ray diffraction patterns of
KCl-FeCl, system ; (&)
KiFe =1, () KfiFe =2,
(¢) KiFe=3, [0, B and ®
refer to the diffraction lines
of KFeCly, KoFeCly and KCl,
respectively.

it can be considered that the ferrous ion
in the KCI crystal exists as KyFeCl; com-
pound when the concentration of the iron
is in a few atomic percent. This shows
that the K,FeCl, compound is more stable
in the KCI-FeCl, system in comparison
with the KFeCl; compound or the aggre-
gate of the FeCly molecules in KCl crys-
talg3y,

In the Méssbauer spectrum for the
RbCi(Fe) system containing a few at% of
iron, only one doublet absorption was
observed at room temperature as in the
case of KCl(Fe) system (Fig.13 (b)). The
Mdéssbauer parameters for this system are
somewhat larger than those for KCl(Fe)
system (Table 2). Therefore, it is consid-
ered that this absorption is due to ferrous
species existing as an aggregate of ferrous
chloride in the RbCI crystal as in the case
of KCI(Fe) system because there was no
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change in the X-ray diffraction patterns
between pure RbCl and the iron-doped
Rb(Cl. However, there will also be a
possibility of the formation of rubidi-
um-chloroferrate  compounds (RbFeCl;,
RbyFeCl, or RbsFeCls), because there was
no Mossbauer spectral change of the
RbCl(Fe) sample after the heat treatment
at 200 °C for 5hr. Therefore, Mdssbauer
spectrum measurements for rubidium-
chloroferrate compounds were also carried
out as in the case of KCl(Fe) system.

In the Mosshauer spectrum for the
sample of Rb/Fe = 1, two types of doublets
were observed at room temperature (Fig.
17 (a)). In the Mossbauer spectrum for
the samples of Rb/Fe =2 and 3, only one
doublet was observed in every case at
room temperature (Fig. 17 (b)). All the
values of the isomer shift are in the range
characteristic of ferrous ion (Table 7).
The Mdgsshauer parameters for the inner
doublet in the sample of Rb/Fe=1 are
consistent with those (8= 1.11 mm/sec,
A= 1.47mm/sec) for the RbFeCl; com-
pound reported by P.A. Monrano ef
al 3536, The Méssbauer parameters for the
outer weak doublet absorption in the
sample of Rb/Fe = 1 are consistent with

100 povtrisin, . s .
s L :"} % ..f?u
3t wf t
— i W
13 A
5 9 (a)
W
0
E b, Mg, PECTRIY SR e
v 100 B, S e
@ VAR
™ Ry e
= {b)
95+

0 1 2 3
Relative velocity (mm/sec)

Fig. 17. Mdssbauer spectra of RbCl-
FeCl, system ; (a) Rb/Fe =1,
(b) Rb/Fe = 2.

Table 7. Mdssbauer parameters for
RbCl-FeCl, system. & and
A represent the isomer shift
and quadrupole splitting val-
ues, respectively

(mm/sec)
" I3 4
Rb/Fe (£0.01) (+0.02)
1 (1.08 1.47)
) 1.17 2.32
2 0.95 1.04
3 0.86 1.09

those (8 = 1.12mm/sec, 4 = 2.29 mm/sec)
for FeCl,2H,0%738). The doublet absorp-
tion observed in the samples of Rh/Fe=
2 and 3 will arise from Fe?+ in tetrahedral
environment, from the value of the Mdss-
bauer parameters (Table?7). This is
consistent with the result®® in the study
on the crystalline structure of RbsFeCls,
although the Mdosshbauer parameters for
the RbyFeCl; compound have not been
reported until now. Therefore, the inner
and the outer absorption in the sample of
Rb/Fe=1 and the doublet absorption
in the samples of Rb/Fe =2 and 3 will be
assigned to RbFeCl;, FeCly,2H,0 and
RbsFeCls, respectively. These assignments
are also confirmed from the X-ray dif-
fraction patterns, ie., the sample of Rb/
Fe = 1 showed the lines due to RbFeCl;
with a little FeCly,2H,0, and the samples
of Rb/Fe = 2 and 3 showed the lines due
to RbyFeCl; with RbCl (Fig. 18). The
RbyFeCly compound, of which the crystal-
line structure has not been reported until
now, seems not to be formed by the ex-
perimental procedures shown in Fig. 11.
Therefore, Mdsshauer spectrum and X-ray
diffraction measurements for the quenched
samples of Rb/Fe = 1, 2 and 3 were car-
ried out for comparison,

In all the Mossbauer spectra for the
quenched samples of Rb/Fe = 1, 2 and 3,
three types of absorptions were observed
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in contrast with the case of the slowly
cooled samples mentioned previously, while
there was no change in the Mosshauer
spectrum between slowly cooled and
quenched samples of K/Fe =1, 2 and 3.
They consist of the absorption (Ig,) due to
the RbFeCl; compound, the absorption
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Fig. 18. X-ray diffraction patterns of
RbCl-FeCl,  system; (a)

Rb/Fe = 1, (b} Rb/Fe=2,

c) Rb/Fe = 3. O, A, @ and

refer to the diffraction

lines of RbFeCly, RbsFeCls,
FeCly2H,O  and RbCl,

respectively.
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Fig. 19. Mdssbauer spectra of the
quenched sample of Rb/Fe =
1 before (a) and after (b) the
heat treatment at 300°C for
5 hr under Hy atmosphere.

(IlIgy) due to the RbsFeCls compound and
a new doublet absorption (IIz,) with a
larger quadrupole splitting (Figs. 19 (a)
and 20 (a)). The isomer shift value for the
new absorption (Ily,) falls in the range
characteristic of ferrous ion in octahedral
environments (Tables 8 and 9).

100

95¢

Py

Transmission (%)

(b)

0 1 2 3
Relative velocity (mm/sec)

Fig. 20. Mosshauer spectra of the
quenched sample of Rb/Fe =
2 before (a) and after (b)
the heat treatment at 300°C
for 5hr under Hy atmosphere.

Table. 8. Md&ssbauer parameters for
the quenched sample of
Rb/Fe =1 before and after
the heat treatment. § and 4
represent the isomer shift
and  quadrupole  splitting
values, respectively

{mm/sec)

3 4

Sample (£0.00) (x0.02) S

Quenched (lw) 1.14  1.39 70
(lw) 1,15 1.71 21
() 1,07 0.99 9

Heated (lw) 1,12 1.43 80
(390, ¢ (lw) 1.18 173 11

(Ihe) 1,05 1.01 9

* the ratio of peak area.
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Table 9. Mdssbauer parameters for
the quenched sample of
Rb/Fe = 2 before and after
the heat treatment. & and 4
represent the isomer shift
and quadrupole  splitting
values, respectively
(mm/sec)
8 4 M
Sample (£0.01) (+0.02) S(%)
Quenched (Igp) 1.14  1.40 10
(Own)  1.17 1.71 76
(IMgs)  1.10 1.15 14
Heated (Isn) 1.15 1,42 8
Eﬁgﬂhr? (Hro) 1.18 1.70 63
(IDen)  1.08 0.99 29

* the ratio of peak area.

In the Mosshauer spectrum of the
quenched sample of Rb/Fe = 1 after the
heat treatment at 300°C for 5 hr under
H, atmosphere, the increase of absorption
(Igy) due to the RbFeCl; compound was
observed with the decrease of the new
doublet absorption (IIg,) (Fig. 19 (b) and
Table 8). In the Mdsshauer spectrum of
the quenched sample of Rb/Fe = 2 after
the heat treatment at 300°C for 5hr under
H, atmosphere, the increase of absorption
(Illgy) due to the RbzFeCls compound was
observed with the decrease of the new
doublet absorption (IIr,) (Fig. 20 (b) and
Table9). In X-ray diffraction patterns for
the quenched sample of Rb/Fe =1 after
the heat treatment, the increase of the
intensity of diffraction lines due to the
RbFeCly compound was observed with the
decrease of that of the new diffraction
lines, and for the quenched sample of
Rb/Fe = 2 after the heat treatment, the
increase of the intensity of diffraction
lines due to the RbsFeCl; compound was
also observed with the decrease of that of
the new diffraction lines just as in the
case of the Mossbhauer spectral change
(Figs. 21 and 22). Therefore, provided

Kat

that the new diffraction lines should be
due to the RbyFeCly compound of which
the crystalline structure is unknown, these
findings described above will support the
conception that the following reactions
have taken place during the heat treat-
ment.

RbyFeCly— RbFeClz+RbCl  for the
quenched sample of Rb/Fe =1

and
Rb,FeCly+RbCl = RbsFelCls  for the

quenched sample of Rb/Fe=2,

It is noteworthy that the Mosshauer
parameters for the RbCl(Fe) containing a
few at% of iron are consistent with those
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Fig. 21. X-ray diffraction patterns of
the quenched sample of
Rb/Fe = 1 before (a) and
after (b) the heat treatment
at 300°C for S5hr under H,
atmosphere. Oand 2 refer
to the diffraction lines of
RbFeCly and RbjFeCls, re-
spectively. x also refers to
the new diffraction lines.
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Fig. 22. X-ray diffraction patterns of
the quenched sample of
Rb/Fe = 2 before (a) and
after (b) the heat treatment
at 300°C for 5hr under H,
atmosphere. O and & refer
to the diffraction lines of
RbFeCl; and  RbgFeCls,
respectively. x also refers
to the new diffraction lines.

for the RbyFeCly; compound described
above within the experimental error.
Therefore, it can be considered that the
ferrous ion in the RbCl crystal also exists
as RbyFeCl; compound when the concen-
tration of the iron is in a few at%, be-
cause the Rb,FeCl; compound is formed
only for the quenched system. This
shows that the Rb,FeCly compound is
unstable from the thermodynamical point
of view as described above, but that it is
more stable in RbCl(Fe) system in com-
parison with the aggregate of FeCl, mole-
cules in RbCl crystals.

The 89Co-y ray irradiation experiments
were also carried out for the potassium-

and rubidium-chloroferrate compounds,
but 7y-ray irradiation effects were not
observed (Table 10). This shows that the
chloroferrate(Il) ion in these ionic com-
pounds is fairly stable against y-rays.

Table 10. Mdssbauer parameters for
the potassium- and rubidium-
chloroferrate compounds
after y-ray irradiations. §,
4 and " represent the
values of isomer shift,
quadrupole splitting and the
line width, respectively

(mm/sec)

Compound Dose .6 A. r
(x10° R} (£0.01) (k0.02) (£0.02)

KFeCls 1 1.17  2.52  0.53
5 1.19  2.54 0.51

10 1.20  2.56  0.52

K.FeCls 1 1.15  1.59  0.45
5 1.16  1.61 0.46

10 1.18 1.63  0.44

RbFeCls 1 1.11 1.44 0.30
5 1.13  1.46  0.31

10 1.14 1.4 0.32

Rb.FeCly 1 1.16 1.72 0.3
5 1.18  1.73  0.30

10 1.20 1.7  0.29

RbsFeCls 1 1.00  1.03  0.28
5 1.03  1.05  0.29

10 1.04 1.07  0.30

3.3 CsCl-FeCl, system

The Mdsshauer spectrum for the
CsCl(Fe) system containing a few at% of
iron was not observed at room temperature,
and so the spectrum measurement was
carried out at liquid nitrogen temperature.
In the spectrum, only one doublet absorp-
tion was observed (Fig. 13 (c)). The value
of isomer shift falls in the range charac-
teristic of ionic ferrous ion. In X-ray
diffraction patterns for the CsCl(Fe) sys-
tem, new complex patterns were observed
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with a little CsCl. It was found that the 14) A. N. MuriN, B. G. Lure and
new patterns are consistent with the dif- P. O. SEREGIN: Fiz. tverd. Tela, 9,
fraction patterns due to the CssFeCls 1424 (1967) : Soviet Phys.—solid state,
compound. Therefore, the doublet ab- 9, 1110 (1967).
sorption will be due to CszFeCls. This 15) R. KamaL and R. G. MENDIRATTA :
assignment is justified from the fact that Phys. Rev., B, 7, 80 (1973).
the Mdosshauer parameters for the doublet 16) M. DecosTER and S. AMELINCKX :
are consistent with those for CssFeCls in Phys. Lett., 1, 245 (1962).
ref. 33. 17y A. G. Mabpock, A. F. WiLLIAMS,
Therefore, it will be considered that K. E. Sikierska and J. FENGER:
the ferrous ion In the CsCl crystal exists Phys. Stat, Sol. (b), T4, 183 (1976).
as the CsiFeCls compound when the con- 18) S. M. Epercrass and M.OHRING :
centration of the iron is in a few at%, just Phys. Stat. Sol. (@), 17, 567 (1973).
as in the cases of KCl-FeCl; and RbCl- 199G. K. WerrueM and H. I
FeCl; systems. GucceNHEWM : [, Chem. Phys.,, 42,

3873 (1965).

20) A. N. MuriN and P. P. SEREGIN:
Phys. Stat. Sol. (@), 2, 663 (1970).
21) G. D. Warkins: Phys. Rev., 113,

79 (1959).
22) N. Ka, T. Nssmipa and Y.
Chem. Phys., 19, 894 (1951). Takasumva ;. Radiochem. Radioanal.
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