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ABSTRACT

57The Fe Mtissbauer effect has "been examined at room temperature 
and atmospheric pressure in a series of antiferromagnetic fluorides of 
general formula KM(ll)'F^ (M = Mn; Fe, Co, Hi, Cu), diamagnetic KZnFs,
and All of these salts have- the Perovskite structure» The

57 57sources were salts containing Co in trace quantity, and- Fe enriched.
sodium ferrocyanide served as absorber.

Two characteristic resonance absorptions were observed in each
salt, with isomer shifts of -0,47 mm./sec and -1,35 mm/sec. These arise
from spin-free ferric and ferrous ions, respectively. The origin of the
unexpected presence of ferric ion is proved to be the Auger cascade.
The ratio of ferric to ferrous ion is inversely proportional to the
lattice size of the host crystal.
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HTRODUCTIOI

In 1956 and 2.957,$ while comparing the scattering of the 129 keV 
191gamma ray of Ir ' " by Ir and Pt, R« L» Mossbauer found an.", increase in

scattering in Ir at low temperature which was contrary to classical
predictions. The interpretation of this effect (l) marks the beginning
of Mossbauer effect research. Ever since then, the recoil-free gamma
rays from nuclear isotopes in crystals have been widely applied to phy~- ■
sics, chemistry, and biology.

While physicists study the line shape, linewidth, and recoil-
free fraction of the resonance absorption, the parameters of interest
to a chemist are the isomer shift, quadrupole splitting, and. magnetic
hyperfine structure.

• So far the most important nuclear isotope used in Mossbauer 
57spectroscopy is Fe . The Mtissbauer effect can be observed only in 

rigid phases, therefore, its applications are mainly to the study of the 
solid state.



THEORETICAL CONSIDERATION

When a nucleus.of mass M undergoes a transition between two ener
gy levels of energy difference E0> it will emit a gamma ray of energy Er 
with .

Er-Eo = Er - ErV/c, [1]
p p

where. = Er"/2Mc~ is the recoil energy and.V is the velocity of the 
nucleus in the direction, of the emitting gamma ray before the emission* 
The fraction of the available energy lost to the recoiling nucleus is 
small, but is significant .compared with the natural linewidth of the 
gamma ray* The resonant absorption will not be observed if the energy 
loss exceeds the linewidth; i.e.the emitted and absorbed gamma ray 
energies do not overlap. The Mossbauer effect eliminates recoil energy 
losses.entirely.

Recoil-free Fraction 
When a nucleus in. an Einstein solid (a solid model characterized, 

by vibrational modes of the same frequency ) emits a gamma ray; the 
only possible change in the quantum state of the solid is an increase 
or decrease in one.or more of the quantum numbers of its oscillators* 
Therefore; the emission of the gamma ray is accompanied by the transfer 
of integral multiples of the phonon energy (0; Thw, +2hW; to
the lattice. Lipkin (2) showed that when an average is taken over many 
emission processes; the energy transfered per event is exactly the

2



3
free-atom recoil energy. When the free-atom recoil energy is much less 
than the phonon energy liw, two-quantum transitions can he neglected and 
the fraction of emissions without lattic excitation can he written as

f = 1 - ER/fiw, [2]

and is often called the Mosshauer coefficient.
A more general formula for f can he obtained from the analogy 

between recoil-free emission and elastic scattering. The Mosshauer co
efficient, f, can be written as (3)

f = exp (-47f2<x2>/x2) = exp (~k2<x2>), [3]

where X is the wavelength of the gamma quantum, k =27r/x = E/fic, and <x2>
is the component of the mean square vibrational amplitude of the emitting
nucleus over the nuclear lifetime in the direction of the gamma ray. By

2using Debye's theory of solids to determine <x >, f was found to be (U:
39)

f = exp [-ER/kB60(3/2 +ir2T2/e(32)], lh]

and

fT « ©  = exp ( - 3 V 2kB0o ) = exp (-3E2/W c2Kg^) [53

at very low temperature.
It is the combination of the Mosshauer coefficients of both the 

source and the absorber which determines the magnitude of the observable 
Mbssbauer effect.
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Nuclear properties of the Isotopes

The most characteristic property of the Mtisshauer effect is the
extremely small fractional linewidth of the absorption line, since only
the 'widths of the nuclear levels involved in the transition (e.g., 10“^

57eV for the 14.4 keV transition of Fe ) determine the linewidth of the 
zero-phonon component. This is the most accurately defined electro
magnetic radiation available for physical experiments.

Besides the lifetime, which is related to the linewidth T by 
Tth.- -ft, and the energy in the first excited state of a stable isotope, 
consideration must also be given to the cross section, p-' , for absorp
tion of gamma ray by the resonant isotope. The cross section, <ro, is 
given by (4:12)

r, - , [63

where I and I are the nuclear spins of the first excited state and the e /;
ground state, pectively, and a is the internal conversion coeffi
cient of the gumma transition.

Of all the isotopes in which the Mossbauer effect has been 
57observed, Fe has the most favorable nuclear properties (Table 1 and 

Figure l), which make it the most widely used isotope in M5ssbauer spec
troscopy.

Line Shape
The energy dependence of the absorption cross section is given 

by the Breit-Migner formula (5)
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57*Table 1. Nuclear Properties of Fe

Ground State First Excited State

Energy (keV) 0 14.36
Spin and Parity 1/2" 3/2"
Magnetic Moment (nm) 0.0903 -0.153
Quadrupole Moment (barns) 0 0.29
Mean Life (sec) Stable 1.4 x 10-7

* Internal conversion coefficient: 9*7 ±0.2

B.C. 
o.6 MBV

a.

E.G. denotes electron capture. 
I.C. denotes internal conversion.ic.\v V

57 57Fig. 1. The decay of Co to Fe .
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E - q n

(T (E) = cro [l + H — = ----) 1“ , [?]
* a

vhere Eq is the nuclear transition energy and 7̂  is the full width of 
resonance at half maximum absorption. For a thin absorber, the experi
mentally observed line is of Lorentzian shape

«w b> = + U(- ^ 2 r l - [8)

Chemical Applications 
Chemical applications of Mossbauer spectroscopy are widespread, 

and can be broadly grouped into four areas of study.

Isomer Shift
The displacement of the resonant absorption from zero relative 

velocity* of the centroid of the MOssbauer spectrum is known as the iso
mer shift. It originates from the electric monopole interaction be
tween the nucleons and the electrons inside the nucleus. The name 
"isomer shift" was adopted because this effect depends on the difference 
in the nuclear radii of the ground and isomeric excited states (6).
This effect depends also on the electronic charge densities at the nu
clei of both the source and the absorber, and is often called "chemical 
shift".

The electrostatic shift of a nuclear level is given by (7)

* A positive relative velocity means the absorber (source) is 
moving toward the source (absorber) and a frequency increase (positive 
Doppler shift) of the gamma ray.



5E = ~ Z e 2\f(0)\2nZ, [9]

where -e|^(0)| is the electronic charge density inside the nucleus and 
R is the radius of the nucleus. The shift of the energy of the gamma 
ray transition between two states is

<Be* -  = ^ 2 e 2| f ( 0 ) | 2(Rex2 -  r / ) .  t i o ]

The isomer shift is the difference between E and Ea s

I.S. = Ea - Es =-^-Ze2(Rex2 - Rga2)[|ta(0)|2 - 1^(0) |2]

= — Ze2R2 ( - ^ )  t | t a (0) | 2 -  1̂ ( 0) | 2 ] [ H ]

nuclear atomic

where E and E are the energy shifts of the absorber and the source, a s  '
respectively.

Mossbauer spectra of iron in different chemical environments
show a systematic correlation of isomer shifts with chemical valence (7).
Characteristic values of the shift were found for ionic salts of both
divalent (3d^) and trivalent (3d^) iron. These ions differ from each
other only by one d-electron, which would not be expected to contribute
noticeably to the charge density at the nucleus. However, adding a d-

+3 +2electron in going from Fe to Fe reduces the attractive coulomb 
potential the 3s-electrons see when they are farther from the nucleus 
than the 3d-*electrons. This screening causes the 3s-electron distri
bution to expand, which decreases the charge density at the nucleus and
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leads to a large isomer shift. For covalent compounds, the relative 
importance of s, p, and d orbitals in the bonding and the extent to 
which the electrons are delocalized to the ligands should be taken into 
consideration.

57Although Fe is the most widely investigated Mossbauer isotope, 
Sn^^ (8), I129 (9), and many rare-earth isotopes have also been 
utilized in Mossbauer studies.

Quadrupole Splitting
Interactions between the nuclear quadrupole moment, Q, and the 

electric field gradient at the nucleus, q, leads to a quadrupole split 
spectrum (10). Crystal symmetry and molecular structure can often be 
inferred from the magnitude and sign of the electric field gradient 
measured by this splitting.

The magnitude of the quadrupole splitting is
2 „ 2g qQ p Tl i /p

Ea ̂ (21-1) [3ml - 1(1 1)Kl -i-y) , mI = I, 1-1, -I
[12]

where

1 = VZZ’  ̂= (Vxx-Vyy)/V2V  lVzzl> lVxxl^lVyy1

and V , V , and V are the diagonal elements of the electric field xx7 yy7 zz
gradient tensor at the nuclear site. En vanishes when either q = 0, 
i.e., the crystal has cubic symmetry, or I = 0, l/2, i.e., the nucleus 
is spherically symmetric (Q = 0).

The fundamental sources of electric field gradient are the
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charges on distant ions and the electrons in incompletely filled shells 
of the atom. The electric field gradient at the atomic site, q.1, can 
be calculated from the crystal structure and is related to the electric 
field gradient at the nucleus (ll), q, by

q = q'(l- U), [13]

where (l- %,) Is called the anti shielding factor.
The quadrupole splittings in ionic ferrous compounds in a weak 

crystal field are temperature dependent. From this temperature depen
dence the magnitude of the crystal field splittings can be calculated 
in a number of compounds (12). The quadrupole splittings in ionic fer
ric compounds vary only slightly with temperature, because the five 3d- 
electrons are in a half-filled shell with spherical symmetry, and only 
ions in the crystal contribute to the electric field gradient.

Magnetic Hyperfine Structure
The magnetic hyperfine structure originates from the interaction 

of the nuclear magnetic moment, p, with the magnetic field, II, at the 
nucleus. The energy levels are given by (4:72)

E = -PHm^/l = -gP̂ Hny., m^ = I, 1-1, ......... -I [l4]

where p is the nuclear magneton and g the nuclear g factor.
Sources of the magnetic interactions are Fermi contact interac

tion due to direct coupling between the nucleus and s-electrons, orbital 
angular momentum, and dipolar interaction with the spin of the parent
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atom, and external magnetic fields. The magnetic hyperfine structures 
are generally studied in magnetically ordered materials (13, 14, 15)
(i.e., ferro-, ferri-, or antiferromagnetic) in order to obtain an 
effective field sufficiently large to produce a well-resolved spectrum.

Fields at the nucleus ranging from 500 to 550 and. from 100 to 
300 kilogauss have been observed in various compounds of trivalent and 
divalent spin-free iron, respectively. This difference in the effective 
fields can sometimes be used to differentiate between ferrous and ferric 
compounds.

Chemical Consequences of Huclear Transmutation
In the case of an electron-capture decay of a radioactive iso

tope , an inner electron, most probably a K-shell electron, is captured 
by the nucleus, and the atomic number decreases' by one. The resulting 
hole in the K-shell is then filled by an electron from the L~ shell, with 
the emission of either an X-ray or an electron (Auger electron) (l6). 
Each time an Auger process takes place, the charge state of the atom is 
increased by one. This process continues until the valence electrons 
are reached. Using a mass spectrometer, Snell and Pleasonton (17) found 
that multiple Auger effect de-excitation leads preferentially to highly 
ionized atomic states: the average number of electrons ejected from a 
neutral iron atom following K-capture - may be three, four, and even five. 
The Mossbauer experiment differs from the one just described in that it 
can- detect only the charge states with lifetimes longer than that of the 
nuclear excited state.
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57The Mosshauer spectra of Co in metals do not show peaks due to

57high charge states« Therefore, the effects of electron capture of Co
~ 7must have vanished in a metal in a time short compared to 10” sec. 

However, Wertheim found ferric ion'in addition to the expected ferrous 
ion in cobaltous oxide (l8) and .labeled organic compounds (19>20). 
Cobaltous oxide has been further studied by various groups (21, 22, 23).

-j- j.i. -i-2 -{- 3A Fe resonance was observed together with Fe and Fe in cobaltous 
chloride (24)„



OBJECTIVES

In order to get a better understanding of the important contri
butions to antiferromagnetic exchange interactions in insulators, a 
Mossbauer effect investigation of potassium trifluoro complex salts of 
the first row of transition elements, at pressures to near 250 kilobars 
and different temperatures was proposed. The work presented in this 
thesis is the first part of this project, i.e., room temperature, atmos
pheric pressure Mossbauer effect studies of the antiferromagnetic double 
salts, KMnfg, KFeF^, KCoFg, ItMlFg, ECuI^, and for comparison purposes 
diamagnetic KZnF- and KMgF0.

The selection of this series of compounds was based on the
following considerations.

57 571. The favorable Co ‘-Fe isotope couple belongs to the first row 
of transition elements.

2„: Their Heel temperatures (25) are high enough to observe the 
antiferromagnetic phase at liquid nitrogen temperature.

3. ■ Their crystal structures (25) are known for both paramagnetic 
and antiferromagnetic phases.

4. Since all of them except KCuF0 have cubic crystal structures, 
the interpretation of their room temperature Mossbauer spectra is easy,

5. The spin structures (26) of antiferromagnetic phases of KMnF^, 
KFeFg, KCoP,), and EEiFg are known to be of the NaCl type from neutron 
diffraction studies. This simplifies the analysis further.

12
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6. They can easily be prepared in microquahtities.

57 "The absorber chosen wa-s Fe enriched sodium ferrocyanide 
57 •(27) [Ha^Fe (CN)g lOHgO]. It has a narrow, monoenergetic resonance 

.and is quite transparent to non-re sonant gamma rays.



EXPERB1ENTAL

Like all Mossbauer spectrometers, the principle of Doppler 
shift was adopted to sweep the energy of the gamma ray from the source 
across the appropriate velocity (energy) range.

The details of the preparations of sources and absorbers and 
the apparatus are described below, - '

Preparations
Three iron., one stainless steel, and the seven KM(ll)F0 sources 

57were prepared with Co activity ranging from 0,1 me to 1 me, Batural 
iron, stainless steel, KFeF^ absorbers, and a 70$ Fe"^ enriched sodium 
ferrocyanide absorber were prepared,.

Sources
Iron Sources, 0,1 me of Co 'Cl0 in hydrochloric acid solution 

was evaporated dropwise on a l/4 x l/4 inch piece of one-thousandth inch 
thick iron foil in an aluminum cup on the hot plate. Then the iron foil,

- O 'in a procelain boat, was heated to 700 C for four hours in a flowing 
hydrogen gas furnace to reduce the cobalt to the metal. The source was 
then sealed with epoxy glue to the holder. The procedures were the same . 
for the third iron source except that 1 me of activity was used, and 
after reduction it was further annealed in vacuum at 800°C overnight.

Stainless Steel Source, nothing changed from the procedures for 
the first two iron sources except that a stainless steel foil of the

Ik
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same size 'was used instead of the. iron foil.

Compounds of General Form KM(ll)F0 (M > Mg, Mq, Fe, Co, Hi, Cu, ̂ -sy-——
Zn)« The method used was a modification of the procedure of Palmer (28) 
and Machin, Martin, and Hyholm (25). . . .

Calculated quantities of the metal, chlorides were dissolved in 
1 ml water (starting material other than metal chlorides were dissolved 
in calculated amounts of hydrochloric acid first, then diluted to 1 ml 
with water) and heated almost to the "boiling point in a water-glycerine 
mixture» An almost "boiling saturated potassium fluoride solution was 
added quantitatively and the mixed, solution was rapidly heated to the 
boiling point. After boiling for a few seconds, the mixed solution was 
immediately cooled by adding a little cold water, the precipitate was 
filtered, off, washed with cold water (for manganese dilute hydro
fluoric acid was used." instead), then acetone. Due to the oxidation of 
ferrous iron to ferric iron in air, KFeF0 was prepared in nitrogen 
atmosphere.

X-ray patterns of these compounds showed well-formed lattices. 
The'starting material and the crystal structures with cell constants of 
the compounds are listed in Table 2„ For comparison purposes cell 
constants of these compounds from the literature are listed too (25, 29 
30).

Sources of General Form KM(ll)F0 Doped with 0.2 me Co"^. Calcu- 
57lated amount of Co Clg in hydrochloric acid was added to the metal 

chloride solution before adding potassium fluoride. The sources were 
stored, in sealed small plastic bags after having been prepared.



Table 2. Crystal Structures and Starting Materials for the Preparations of KM(ll)Fs

Compound Starting Material Crystal Structure Cell Constant (A)

KMgFg ■ MgC03 ■ cubic a-3.982

KMnF3 ' MnCl2-H20 cubic a-A.213; 4.19la ...
KFeF3' FeSO^ (HH1+)2S0^-6h20 cubic a-4.099; 4.122°

KCoF3 . CoClg^HpO cubic ■ a-A.098; 4.069b

M i F 3 . HiCl2- 6h20 cubic a~4.020; 4.0i5b
KCuF3 CuC0o tetragonal 8.-4. l40; b-3.926b -
KZriFg ZnC03 cubic a-4.078; 4. o f

a. See Reference 29»
b. See Reference 30«
c. See Reference 25.



. • 17
Absorbers -

Iron Absorber, A 1 x 4 inch strip of one-thousandth inch thick 
iron foil was sealed between two plastic sheets by acetone»

Stainless Steel Absorber. A stainless steel foil of the same 
dimension was processed as above,

KFeF0 Absorber, One gram of potassinm trifluoroferrate was 
prepared by the method described above for The crystal obtained
was ground to fine powder, dispersed in epoxy/ and distributed evenly
in a 1 x 4 inch area on a plastic sheet„

57 57Fe . Enriched Sodium. Ferrocyanide-Ha.Fe (CHV 10EL0 Absorber,
ST76,4 mg of 70% Fe enriched ferric oxide was dissolved in excess con

centrated hydrochloric acid and heated to dryness, 0.4 ml concentrated
57hydrochloric acid was added to redissolve the Fe enriched iron. The

solution was then passed through a column packed with freshly prepared
silver granules into a pressure-equalized funnel. At the bottom of the
funnel 2.8 grams of sodium cyanide was dissolved in 10 ml water through
which nitrogen gas had been bubbling for more than half an hour before 

57the Fe enriched ferrous chloride solution was added. The column was'
washed with 5 ml water to elute all the iron to the bottom of the funnel
to react with sodium cyanide. 15 ml of absolute alcohol was added
through the column and the funnel to precipitate the sodium ferrocyanide.
The precipitate'was then immediately filtered off. It was redissolved
in a small amount of water and recrystallized by drbpwise addition of
absolute alcohol. The recrystallization was repeated twice and 330 mg

57of very pale yellowish Fe enriched sodium ferrocyanide was obtained.



It was then dispersed in epoxy and mounted on a plastic sheet.

Apparatus

• Gamma Ray Proportional Counter
Initially a sealed proportional counting tube filled with 10%

'methane and $0% krypton at 1 atmospheric pressure was used. In order
to improve the signal-to-noise ratio flowing 10% methane-90% argon gas 
mixture was later substituted for the methane-krypton mixture.

Motion Device
A loudspeaker-type motion device with constant acceleration was

used. Three acceleration settings of about 10 mm/sec^, 25 mm/sec^
, 250 mm/sec are available for the specific velocity range required. The 

absorbers were attached to the motion device moving to and fro in front
of the berrylium window of the proportions,! counter.

MuTbicbanne1 Analyzer
A Huclear Data 2200, 512 channel multichannel analyzer and a 

T-33 teletype were used for storing and typing out the data. The multi
channel analyzer was used as a time analyzer in converting velocity into 
channel number.

Spectroscopy
Each time before the Mdssbauer spectrum was run, a gamma ray 

spectrum had been measured to determine the appropriate window settings.
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Determination of Accelerations of the Motion Device

Spectra of pd vs* Fe at the three different .acceleration set
tings were taken to get the velocities at each channel for a specific 
acceleration and pulser rate.

Preliminary Examination of the Whole System
57Spectra of stainless steel vs Fe enriched sodium ferrocyanide,

■ ■ 57Pd vs KFeF^ > and.all the Co doped EMFg s vs 88 were taken.

57Mdssbauer Effect of Fe in the KMF^'s
57Mdssbauer spectra of Fe in the seven KMFg1s (at room tempera-

■ 57ture) and in ENiP^ (at liquid nitrogen temperature) vs Fe enriched 
sodium ferrocyanide were taken.

Treatment of Data
The data, from the calibration spectrum at acceleration setting

571, spectra of KMF^'8 vs Fe enriched sodium ferrocyanide, and the spec
trum of EFiPg (liquid nitrogen temperature) vs enriched sodium ferro
cyanide were computer fitted to Lorentzian line shapes to get the peak 
positions, half■linewidths, percentages of absorbance, and the per
centages of peak area. The centroid of the spectrum was found by aver
aging both halves.

* Unless otherwise specified, "vs” implies "source vs absorber” 
and both are at room temperature.



RESULTS MD  DISCUBSIOH

Due to a very small non-linearity'of the reference triangular 
wave * the isomer shifts obtained have standard deviations around -HZ). 06 
mm/sec„ Two groups of isomer shifts were observed^ one around -1=350 
mm/sec and the other around -0=05 mm/sec. The identification and the 
origin of the second, -unexpected isomer shift are described below.

Results
57Mossbauer spectra of Pd vs Fe, KMiF^# KCoF0, and KCuF^ vs Fe. 

enriched sodium ferrocyanide are shown in Figures 2, 3» and 5=
In all the spectra of the KMF^ series at least two resonance 

peaks were observed. The spectrum of KCuFg showed three resolved peaks, 
but could be analyzed, and computer fitted to be composed of two quadru- 
pole split symmetric pairs of resonance peaks. Since KCuF^ is tetrago
nal at room temperature, it is expected to show quadrupole splitting. 
Because of the very broad linewidtb, it was very difficult to locate the 
exact position of the second resonance peak in KFeF^ even though its 
existence was certain. The isomer shifts, the linewidths, and the area
percentages for both peaks of these series of sources with respect to 

57Fe enriched, sodium ferrocyanide absorber were calculated and. are listed 
in Table 3«
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57Table 3« Mossbauer Effect of Fe in KMF^

Sources isomer Shift*, 
Fe+3

mm/sec 
Fe+2

Area Percentage 
of Fe*3

Full linewidth, 
F="3

mm/sec 
Fe*2

KMgF3 -0.450 -1.210 65.55 1.176 3.193
EMnFg -0.472 -1.508 7.67 0.707 1.021

EFeF^ -1,274 1.484

KCoF3 -0.486 -1.290 46i 60 0.632 1.125
KNiF3 -0.550 -1,877 78.55 1.039 1.955

KCuFoo ~0.6l4 -1.281 76.28 0.634 0.724
KZnF3

1O 
.

i -I.308 26.10 1.122 0.685

* The uncertainty of the isomer shifts is around +0„06 mm/sec.

roVI
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Identification of the Resonance Peaks 

In looking.at. Table. 3>-isomer shifts of all these compounds 
were found to fall into two groups} i.e.-, one .around -1.35 mm/sec and 
.the other around -0.47 mm/sec.

57Reported isomer shifts for Re . vs stainless steel in several
ionic ferrous compounds are around +1.35 mm/sec (7, 31). An isomer shift
of +0.05 mm/sec was reported (32) for stainless steel with respect to
sodium ferrocyanide. Therefore, s. ferrous ion, when used, as source, is
expected to show an isomer shift around -1.30 mm/sec with respect to
sodium ferrocyanide. The first group of observed isomer shifts is close

57to this value within the experimental error. The Co is expected to
substitute at the host metal site and decay through electron capture to 

57divalent Fe , which then emits a keV gamma ray with a shift around
-1.30 mm/sec vs sodium ferrocyanide. Therefore, the group of isomer 
shifts around -1.35 nun/sec observed must have come from ionic spin-free 
ferrous ion.

The possibility that the group of isomer shifts occuring around 
-0.5 mm/sec come from either spin-free ferric iron or spin-paired fer
rous iron must be considered. The electron spin configurations for the 
two possibilities are shown in Figure 6.

In order to differentiate between these possibilities, a Moss-
57 ■bauer spectrum of Co doped KlfiF̂  at liquid nitrogen temperature vs

57Fe enriched sodium ferrocyanide at room temperature was taken (Figure
.7)0 .KNiFg was chosen because it is antiferromagnetic and cubic at 77 K.
Therefore, it would give a magnetic hyperfine spectrum, uncomplicated

\
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Fig. 6. Electron Configurations of Spin-free
Ferric and Spin-paired Ferrous Iron.

by quadrupole splitting. This spectrum indicates that the magnetic field
at the nucleus of the iron atom is kilogauss. As discussed above,
this is too large for the spin-paired ferrous iron, and is possible only
for spin-free ferric ion. Isomer shifts at room temperature for ferric 

+'3iron, Fe , in ferric sulfate (absorber) vs stainless steel (source) 
were reported to be -1-0.52 ram/sec (7, 31) and +0.55 ram/sec (33), which 
correspond to isomer shifts of -0.47 and -0.50 mm/sec with ferric sul
fate as the source and sodium ferrocyanide as the absorber. In com
paring these reported isomer shifts with the group of isomer shifts 
observed for KMFg near -0.47 ram/sec, it is concluded that the observed 
shifts result from spin-free ferric ion.

Origin of the Unexpected Valence (Fe+ )̂ Observed

Sample Preparation
When the peak at -0.47 ram/sec was identified as spin-free ferric 

ion, suspicion fell immediately on the sample preparation. Possible im-
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purity and crystal defect mechanisms that might result in ferric iron 
were then investigated.

Chemical Impurities. Several long-time exposure (15 hours) 
powder X-ray films of the whole series of KME^ .salts were taken, and 
shown well-formed lattices with about 1% metal hydroxide impurities.
This trace impurity should give rise only to a very weak quadrupole split■
spectrum. If this impurity should affect the valence of the parent co
balt ion, it would be expected to result in at most a few percent of 
ferric ion. This is not consistent with the percentages of ferric ion 
as high-as 78.55 which were'observed.

Crystal Defects. It was suspected that the unusual trivalent 
state might have arisen from a crystal defect mechanism. For instance,
a. fluoride vacancy might take one electron from the ferrous ion and 
increase its valence by one. This, .however, could not be the case be
cause crystals with high percentage of vacancy would not have given X~ 
ray powder pictures with well-formed patterns. Further, the ferric
patterns would have been quadrupole split, which was not observed. An-

+?other possibility is that the larger size of Co ' ion compared to some
+? +2 +? of the host metal divalent ions, such as Mg Hi , and Zn ", would

lead to a tendency for the trace quantity of the doped (Co^)"1̂  to occupy
the metal ion sites which are adjacent to fluoride vacancies. Then a
high percentage of the trace (Co^) could become cobaltic ion (Co ) r~)

and decay to (Fe^)"1̂- (which is responsible for the unexpected resonance
peak), even if the fraction of fluoride vacancy in the whole crystal is
low (which would give good X-ray pattern). This possibility, however,
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/ 57s+2is not consistent with the results for KCoF0> where the doped (Co )

+2 > 5 7  +2ion has the same size as the host Co ' ion. ■ Ho preference of (Co )
for associating with fluoride vacancy should exist, yet 46.60$ ferric 
.ion was observed.

The argument that the sample preparation is not responsible 
for the presence of the unexpected ferric ion resonance peak is further 
strengthened by the Mossbauer spectrum of Pd vs KFeF^ absorber. This 
spectrum showed only a single peak, with isomer shift +1.-20 mm/sec.
This value, when combined with the isomer shift -0.23 mm/sec of Pd vs 
sodium ferrocyanide and the reported value +0.05 ram/sec for stainless, 
steel vs sodium ferrocyanide gives an isomer shift of +1.48 mm/sec for 
stainless steel vs KFeFg. This agrees within experimental error with 
the value +1.40 ram/sec for ferrous ion reported by Walker et al (7)«
This natural KFeF0 absorber was prepared by the same method as for pre
paration of the sources. Of all the seven metals studied iron is the
easiest one to oxidize in air, yet in the preparation of KFeF^ the iron

+3was not oxidize. The formation of Co in the compounds, especially in 
the acidic solutions used in these preparations, seems very improbable. 
Thus it appears that sample preparation- techniques are not responsible 
for the ferric peaks.

Auger Effect ■
As stated above, the cobaltic state should not occur in the 

crystal. Then the only possible explanation of the existence of the ' 
observed ferric iron resonance peak is that between the electron-



57 Jr2c apt w e  decay of (Co ) and the emission of the l404 keV gamma ray
57the valence state of Fe must have changed« As discussed above, an

Auger cascade can lead to highly charged ionic states. As long as all
the higher charged states relax back to the ferrous state in a time
short compared to the nuclear lifetime, 10“ sec, Mossbauer spectroscopy
will not be able to detect their presence. If the highly charged iron
ions cannot recover their lost electrons within the nuclear lifetime,
■what is observed will be resonance peaks due to ferrous and ferric and

57possibly higher charged ions. Thus, in the.Co doped KMFg salts, the
57charge state of Fe may be raised by Auger cascade to higher than di

valent, and of these higher charged states only ferric iron.has a re
laxation time back to ferrous state longer than the nuclear lifetime.

The natural ICFeF̂ , which was prepared by the same method as 
57that for Co doped KFeFQ, showed only a single ferrous ion resonance

peak. In this absorber, all the iron atoms started with ferrous state 
57and all the Fe nuclei were in the ground state. When the gamma ray

57with the appropriate energy irradiated the Fe . nucleus, resonance ab
sorption of the gamma ray occurred and' the nucleus was excited into the 
first excited state. No circumstance, allowed the Auger effect to occur 
in EPeFg and, therefore, nothing but the ferrous resonance was observed, 

A conclusion can be drawn at this point that. the.. Auger effect 
must be the most important, if not the only, origin, of the unexpected 
ferric valence state observed in the series of KMF^ compounds.
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+3 -Factors Governing the. Percentage of Fe State

-i-3A plot of the .percentage of Fe vs the lattice parameter for 
the series KMF^ compounds is shown in Figure 8. It is obvious that the 
.size of the lattice must have something to do with the percentage of 
ferric state observed for each compound.

The'concept of ionic radius is helpful, even though not too 
accurate, in explaining qualitatively the size effect on the amount of 
resulting ferric iron. Ionic radii of the seven divalent- metal ions 
and the trivalent ferric ion are therefore listed below in Table 4,

Table 4. Ionic Radius of Metal Ion

+ 2 + 2  +2 +3 +2 -i-2 +2 + 2Ion Mg Mn Fe ' Fe J Co Hi Cu Zn
Radius,A 0.65 0.80 0.76 0.53 O.72 0.68 0.92 . O.69

As can be seen in Table 4, ferrous iron has an ionic radius O.76
A, which is larger than the divalent ionic radii of Co, Hi, Zn, and Mg
(Cu is uncertain). The ionic radius of ferric ion is 0.53 A, much
smaller than all the other ionic radii. When the doped (Co^)+^ decays

+2 +3through electron-capture and Auger cascade, charge, states of Fe , Fe , 
4-4Fe ■, .... result. ■

If the atoms are "considered as hard spheres, the ferric ion will 
sit easily in a host metal site, whereas the ferrous ion in the above 
hosts can cause considerable lattice strain. This strain energy must be
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+2subtracted from the driving energy for relaxation back to Fe f thus

-l-olengthening the relaxation time, and increasing the amount of Fe " 
observed.

. Therefore, it is not surprising at all to find KFeF^, and KMnJ^> 
which have the largest lattice constants, i.e., largest available space 
for the iron ions, show practically no appreciable resonance peak of 
ferric ion. For the other five compounds very large percentages of 
ferric iron were observed.

Variation of^the Values of the Isomer Shift Observed
An effort, was made to correlate the variation of isomer shifts

57 ■ 'for Fe in each KMF^ with the chemical properties of the host lattices.
Due to the nonideality of the electronics involved in the motion device,
the uncertainty of the isomer shifts is too large to detect the small
changes of isomer shifts, if any, resulting from the differences of the
chemical properties of the host crystals. -

The bonds between the first transition metal ions and fluoride
ion in KM(XX)Fg are believed to be very highly ionic. The increase of
the number of host metal d-electrons in going down the series should not

57strongly affect the electron charge- density at the Fe" nucleus site.
57Therefore, the isomer shifts of Fe in KMClljF^’s should be the same.



CONCLUSION

57Co ag trace impurities in EM(ll)Fg (M = Mg, Ehj Fe, Co, Ni,
57Cu, and Zn) decayed to Fe of charged states higher than divalent} of 

which the Mossbauer spectroscopy-detected only the trivalent and di
valent stateSo The.highly charged states apparently resulted from Auger

• 57cascade following the electron-capture decay of Co »
The lattic size of the host crystal (EMF^) governs the time for

+2highly charged states to relax to Fe . Larger host crystal lattices
give shorter relaxation times- Therefore, in going down the series, -
where the size of the host metal ion decreases, a relative increase of
the amount of the Fe “ was observed.

57The isomer shifts of Fe in KMF^'s should be the same, even 
though a small variation was observed due to nonideality of the appara
tus and uncertainty in computer fitting the spectra.
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