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Evidence of the Anomalous Charge State 57Fe4+ in the Nuclear Decay of 57C03+
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The first observation of the elusive Fe4+ charge state coming from the nuclear decay of "Co +

has been found in the Mossbauer emission spectra of 5 Co:La2Li05Co0504. A Ti-doped sample was
prepared in order to show that the Fe4+ fraction can be conveniently monitored. Both results were
predicted on the basis of the electronic energy-band scheme of these oxides.

PACS numbers: 76.80.+y, 71.55.0p

Capture of an inner-shell electron by a Co nucleus
transforms the 57Co species into 57Fe~+ having an
inner-shell hole in its electronic structure. Such an
event is followed by an electron-vacancy cascade,
which generates in turn an Auger-electron cascade that
leaves the atom in an ionized state. '

The 14.4-keV y ray emitted in the final step of the
nuclear decay of the s~Co probe can be analyzed by
Mossbauer spectroscopy; the Mossbauer spectrum re-
veals the valence state and local environment of the
s7Co-atom probe about 10 ~ s after its decay. If the
Auger electrons ejected from the atom probe by the
intra-atomic cascade are not recaptured in a time
~ ~ 10 7 s, the probe atom exhibits the Mossbauer
spectrum of a more positive ionic state. Such a situa-
tion may occur in an insulator, and both 57Fe3+ and
s7Fe2+ daughter ions of 5~Co2+-ion probes have been
observed in Mossbauer emission studies of p.type
57Co0.2 The appearance of the higher charge state has
been related to the semiconducting properties of the
oxide.

In some recent papers, 4 we have reported the
MOssbauer emission spectra from 57Co probe atoms
substituting for nickel in p.type Co:La2Ni04. In this
case, the cobalt atoms capture the mobile holes of a
narrow Ni3+/2+ band, thereby becoming s Co3+-ion
probes. Nevertheless, no higher-valent s7Fe~+ -ion
daughter was observed. We pointed out that this find-
ing was consistent with a predicted placement of the
Fe4+/3+ couple below the Fermi energy in this com-
pound.

Several other studies of Mossbauer emission spectra
from s~Cos+-ion probes have similarly failed to ob-
serve any evidence of a s7Fe4+-ion daughter, s but no
physical reason was advanced as to why this should be
so. Therefore we used our analysis of 57Co:La2Ni04 to
predict that the Mossbauer emission spectra of p-type

Co:La2Lio sCoo s04 should exhibit a Fe + -ion
daughter. In this paper we present experimental data

that establish the correctness of this prediction, and we
show how Mossbauer emission spectroscopy can be
used to study the semiconductor properties of some
materials.

Following the procedure of Demazeau et al. ,6 we
prepared La2Li05Coos04 by dissolving stoichiometric
proportions of the corresponding nitrates in diluted
HN03. After decomposition at low temperature, the
sample was annealed in air for 10 h at 800'C. To
compensate for the sublimation of Li20 that takes
place at about 800'C, a 30% excess of LiN03 was add-
ed to the solution before calcining.

The radioactive probe atoms were introduced by
adding a drop of diluted s7CoC12 on a pellet of the
presynthesized oxide. After water evaporation under
an infrared lamp, the pellet was again annealed at
800'C for 6 h. Nonradiative samples were similarly
prepared for x-ray analysis.

The x-ray pattern, obtained with Cu K~ radiation
and a two-circle diffractometer, could be completely
indexed in the tetragonal cell (14/mmm) of the
K2NiF4 structure. The cell parameters a = 3.780(2) A
and c = 12.604(2) A are in close agreement with those
previously reported6 for this compound. No additional
reflections indicative of Li+, Co3+ ordering in the
perovskite intergrowth layers were detected; by using a
Guinier camera, Demazeau et a!P were able to observe
very weak superstructure lines.

In order to investigate the influence of donor impur-
ities on the Mossbauer emission spectrum, 1% titani-
um substitutions for cobalt were prepared; x-ray anal-
ysis did not show any structural modification due to
this substitution.

The Mossbauer spectra were recorded at room tem-
perature with a constant-acceleration drive system, a
single-line (SS) absorber, and a 200-channel analyzer.

As shown in Fig. 1, the Mossbauer emission spec-
trum of s7Co:La2Lio sCoo s04 has been fitted with a sin-
gle quadrupole doublet [AQ=1.02(2) mm/s] having
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ture and the relative position (bE) of the majority-
spin d 2 2 and the minority-spin d d orbitals.

Of particular interest for the discussion of this paper
is the mechanism responsible for the appearance of the
higher-charge state 57Fe4+ and the introduction of

Fe + daughters by tatanium impurities. We begin
the discussion with a summary of the relevant features
of the band structure of 57Co:La2Ni04 in which no
5 Fe~+ daughters were observed. 4

Stoichiometric La2Ni04 is a narrow-gap semiconduc-
tor; placement of EF above the 02 (2p6) band defines
formal nickel valence states. A tetragonal (c/a ) 1)
distortion of the Ni2+-ion octahedral sites and the ¹i
0-La-La-0-Ni c axis coupling vs Ni-0-Ni basal-plane
coupling splits and half-filled eg orbitals of Ni + ions
into strongly correlated d 2 orbitals oriented along the e

axis and an itinerant o;, band of d 2,-orbital

parentage. The basal-plane Ni-0-Ni interactions are of
sufficient magnitude that only a small correlation gap
is anticipated in the o "2 „~band; a larger correlation

splitting of the d 2 orbitals places the filled d,'2 level

discretely below the top of the lower o.; 2 band and

the empty d22 level discretely above the bottom of the

upper a. '2
2 band. As normally prepared, La2Ni04

contains native defects that render it p type, and so the
Fermi energy EF is displaced toward —if not into —the
lower o'2, band and away from the upper o.;X x —y
band. This displacement introduces mobile o.;X -y
band holes to make LaqNi04 a p type conductor. '2

Substitutional Co impurities should have a
Co3+ 2+ (3d7) redox energy some 0.5 eV above EF.'3

Therefore, a 57Co impurity would not exist as Co2+ in
p.type Co:La2Ni04,' it loses an electron to the holes in
the lower o. ",

2 band to become 57Co3+. Qn the oth-

er hand, an octahedral-site Fe4+ 3+ redox level lies
discretely below the octahedral-site Ni3+/2+ level in an
oxide, '3 and so any ~7Fe + daughter state formed by
nuclear decay of a 57Co3+ ion in Co:La2Ni04 would
capture a o '2 2-band electron within 10 s to give

only a 5 Fe3+ Mossbauer emission spectrum. In fact,
only the 57Fe3+ daughter ion was found in this case.~

In La2Lto 5Co0504, ordering in the basal planes cre-
ates Co-0-Li linkages and hence a localization of the
d, 2 electrons. In this case, oxidation of the materi-x -y
al creates Co-trapped holes that introduce discrete,
Co4+-ion centers. If the high-spin Fe4+/3+ redox en-
ergy lies above the Co~+/ + redox energy, as predict-
ed, 4 then any Auger electron ejected from the daugh-
ter Fe + ion will become trapped at a Co + ion, thus
producing a 5 Fe + daughter ion:

57Fe3+ + ( o4+ 57Fe4+ + ( o3+

This situation is illustrated in Fig. 4(a). In this figure
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FIG. 4. Schematic energy diagrams illustrating the
Auger-electron capture process at Co~+ associated with a na-
tive defect (Li+-ion vacancy) in a (a) p-type sample, and (b)
Ti-doped sample.

Ti'+ + Co4+ —Ti'+ +Co'+.

It follows that Ti doping decreases the concentration of
the neutral acceptor centers Co + and lowers the
P4/P3 ratio. Therefore, a mixture of 57Fe4+ and
57Fe3+ should be observed in the Mossbauer spec-
trum. The data of Table I are consistent with such a
relationship, which indicates that the introduction of
about 1% of Ti into the structure only partially com-

the Co4+ 3+ level corresponds to a Co(3d ) configura-
tion; it is the energy of a Co3+-ion configuration when
occupied, of an acceptor level at the Co4+ if empty.
The Co4L+/3+ level is shown empty and raised abo~e
the occupied Co4+/3+ by both the electrostatic attrac-
tion between the hole and the Li impurity and the local
reorganization energy at a Co + ion.

The relative fraction (A4/A3) of Fe4+ and Fe3+ in
the emission Mossbauer spectrum will be given by the
ratio of the probabilities (P4 and P3) of electronic-
capture process in the COL+, /" levels and ln the
Fe4+/3+ levels, respectively. The probability P4 (P3)
depends linearly on the concentration of Co4+-ion
(Fe +-ion) centers and its cross section trc, (o.F,) for
electronic capture. Therefore,

~,/W, = PJP, = [Co'+]~,J[Fe'+]~„,.
For a given value of the ratio o.c,/aF„ the fraction

of Fe4+ in the Mossbauer spectrum should rise if the
[Co4+] concentration is increased. Indeed, only the
57Fe~+-ion resonance should be observed if P4 &) P3.

Figure 4(b) illustrates the energy-band scheme if
substitutional titanium impurities are present in
Ti:La2Liq5CoqqOq. The Ti4+/3+ level lies about 3 eV
above the Fe +/ + level, '2 and so the titanium enters
the structure as a donor ion compensating for the de-
fects that create Co4+ ions:

1933
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pensates for the Co -ion population.
In earlier experiments' on Mossbauer emission

spectroscopy of Ti-doped Cot „0sources, the con-
centration of the higher-valent Fe + daughter ion
was found to decrease with increasing Ti concentra-
tion„and this finding can be rationalized with similar
arguments.

In summary, we have confirmed our prediction that
the higher-charge-state 57Fe4+ daughter ion of a
57Co3+-ion decay could be found in p-type La2Li05-
Co050& and that the concentration ratio [57Fe~+]/
([57Fe~+]+ [57Fe3+]) can be reduced to less than I by
doping with a donor cation. In addition, we have
demonstrated that Mossbauer emission spectroscopy
can be successfully used to monitor the electronic
properties of some solids.
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