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Mossbauer Emission Spectroscopy in La;NiO,
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Mossbauer spectra of ¥Co : La,NiQ, have been measured at 297, 77, and 4.2 K. The spectra show at
least three inequivalent positions for the 7Co’* impurity. The existence of a uniquely charged SFe®*
daughter is discussed in terms of the band structure of this oxide. A mixed Fe?*, S7Fe** daughter state

is predicted for p-type Co : La,Li;»C0,,0,.

Introduction

Nuclear transformations in solids pro-
vide probes for the study of the micro-
scopic properties of materials. In particu-
lar, the phenomena that occur after nuclear
decay depend on the local environment of
the radioactive species (1), and it has re-
cently been shown that these phenomena
are also sensitive to the character and con-
centration of defects existing in a solid at
some distance from the decaying nucleus
2).

In this paper we consider the transforma-
tion by electron capture of ¥Co into ’Fe at
a cobalt substitutional impurity in La;NiQ,.
Removal of the captured electron from an
inner shell gives rise to an electron-vacancy
cascade, which generates in turn an Auger-
electron cascade. The 14.4-keV -y-ray radia-
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tion from the ’Fem* daughter nucleus can
be analyzed by Mossbauer spectroscopy;
the Mossbauer spectrum reveals the envi-
ronment of the 7Co-atom probe about 107
sec after its decay.

As a result of the Auger cascade, elec-
trons are ejected from the probe atom. If
these electrons are not recaptured in a time
7 < 1077 sec, the probe atom exhibits the
Mossbauer spectrum of a more positive
state. In CoQ, for example, both Fe?+ and
Fe3* jons have been obtained from 7Co?+*
(3). However, no charge states higher than
Fe3* have ever been observed for the iron
daughter (4) despite stabilization of octahe-
drally coordinated Fe*" ions in the
perovskites CaFeO; and SrFeQ; (5) as well
as in the tetragonal compound Las»SrysLiys,
Fe 204 (6), which has Li* and Fe** ions
ordered in the perovskite layers of the
K;NiF, structure.

La,NiO, is an oxide with the tetragonal
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K,NiF, structure. This structure consists of
alternating perovskite and rock salt layers;
these are LaNiQO; and LaO layers in La,
NiO4. Whether antiferromagnetic order or
a charge-density wave is stabilized at low-
est temperatures has been addressed else-
where (7-9).

In the case of La,NiQ,, a tolerance factor
t= RAo/\/—zRBO < 1, where Rag is the sum
of the La3* and O?- ionic radii and Rgo is
the sum of the Ni>* and O?> ionic radii,
introduces a stretching of the La-O bond
and a compression of the Ni~-O bond. The
Ni—O-Ni distance is about 8% shorter in
La;NiOy4 than in NiO. This compression ap-
pears to transform the d,2_,2 orbitals, which
are directed toward basal-plane O?~ ions,
into itinerant-electron orbitals of a narrow
o%_,2 band; the d,2 orbitals directed toward
c-axis nearest neighbors remain strongly
correlated (7).

At high temperatures La,;NiO4 exhibits a
Curie-Weiss law having a Curie constant
typical of that for an § = 1 state at octahe-
dral-site Ni2* ions. However, below 200 K
there is a smooth change to an apparent
Curie—Weiss law having a Curie constant
more typical of an § = 1/2 state. This
change suggested that, rather than long-
range antiferromagnetic order at low tem-
peratures, there was a decoupling of the
itinerant o%2_,2 electrons from the localized
dp electrons via formation of a charge-den-
sity wave in the g_,2 band (8). (Alterna-
tively the change could signal a dispropor-
tionation into an ordered array of high-spin
and low-spin trivalent Ni.)

In a previous publication (9), the M&ss-
bauer spectroscopy of ’Fe-doped and ¥Co-
doped La,NiO, have been reported for T =
4.2, 77, and 297 K. The samples were p-
type and contained inhomogeneous inter-
growths consisting of several consecutive
LaNiO; perovskite layers. In these samples
there was direct evidence from the Moss-
bauer spectra of antiferromagnetic order at
4.2 K, but the data were not inconsistent
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with the formation of a charge-density
wave in homogeneous, stoichiometric La,
NiQ4. In both source and absorber experi-
ments, Fe3* was observed over the entire
temperature range 4.2 < T < 300 K.

An analysis of the factors that determine
the charge state of the S’Fe daughter ion is
presented in this paper. The analysis has
general applicability, and the appearance in
57Co: LayNiO4 of a unique Fe3* charge
state after nuclear decay is satisfactorily
explained.

Sample Preparation

La,NiO, was prepared by mixing the ap-
propriate amounts of the corresponding ox-
ides followed by systematic grinding and
firing at 1200°C in air (9). A sintered pellet
of the single-phase product was made ac-
tive by dropping a CoCl solution on its
surface and heating until dry. Diffusion of
the ’Co into the sample was carried out at
1150°C for 48 hr. The sample was cooled
down slowly inside the furnace, and any
surface activity remaining was removed by
cleaning the pellet with dilute HCI. The fi-
nal activity of the sample was about 4 mCi.
A nonactive sample was synthesized to-
gether with the active one to permit a check
of the structure of the final compound.

The X-ray powder patterns at room tem-
perature were recorded on a conventional
Philips diffractometer using CuKa radia-
tion. Cell constants were refined with a
least-squares program (AFFMA) on the ba-
sis of the tetragonal K,NiF, structure (I/
4mmm) by using 39 reflections (Ka;, Kay)
up to 100° (26). The lattice parameters ob-
tained from the fitting, a = 3.867(1) Aandc
= 12.665(6) A, are in good agreement with
those previously reported (7, 8).

Mossbauer Spectra

The Mossbauer spectra were taken with
a constant-acceleration drive system and a
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Fi1G. 1. Mossbauer emission spectra of ¥Co:La,
NiQ, at temperatures (a) 297 K, (b) 77 K, (¢) 4.2 K.

multichannel analyzer. A thin PdFe foil was
used as absorber; it has an isomer shift § =
0.1749 mm/sec. (All line shifts are given
with respect to a-Fe at room temperature.)
In the figures, positive velocity indicates
that source and absorber move toward one
another.

The source was placed inside a cryostat,
and the Mossbauer spectra were taken at
297,77, and 4.2 K. Where the magnetic hy-
perfine spectrum appeared (T < 77 K), it
proved necessary to use a large magnetic-
field distribution to get a reasonably accu-
rate fit to the data. In that case, the natural
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linewidth was assumed for each compo-
nent.
Figure 1 shows the spectra of ’Co: La;

NiQ,. Table I summarizes the relevant

Maossbauer parameters obtained from the
fit. The three different isomer shifts and
quadrupole splittings correspond to YFe3*
ions substituting for nickel in three different
structural locations (9). In this paper we
focus attention on the ’Fe3* charge state of
the probe-ion daughter.

Discussion

A. Energy Diagram

Any discussion of possible valence states
must begin with an energy diagram. The
construction of energy diagrams for oxides
has been discussed extensively elsewhere
(10).

In La,NiQOy, as in other transition-metal
oxides, the top of the O?~-ion 2p® band and
the bottom of the rare-earth 54,65 and tran-
sition-metal 4s bands are separated by a
large (>4 ¢V) energy gap. Since the lan-
thanum 4! level lies above the lanthanum
5d,6s band edge, the only remaining prob-
lem is the placement of the Ni3*2+:348
band relative to the top of the O?*-ion 2p®
band. If the Fermi energy Ef lies above this
band edge, then the formal valences pro-
vide a correct count of the total number of
3d electrons per nickel atom.

In NiO the top of the narrow Ni**2* ; 3¢®
band has been located about 1.4 eV above
the top of the O?~-ion 2p® band and about 3
eV below the bottom of the Ni2*/+ : 3¢° band
(11). The splitting between 3d® and 3d° lev-
els is due to strong correlations among the
nickel e, electrons, which carry a spontane-
ous atomic moment (S = 1). In La,NiQ,,
compression of the Ni-O-Ni distance
within a basal plane enhances the interac-
tions between d,2_,2 orbitals, which are di-
rected toward basal-plane O?-ion near
neighbors, and a narrow o2_,2 band of itin-
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TABLE 1

PARAMETERS OBTAINED FROM MOSSBAUER EMISSION SPECTRA MEASURED AT
TEMPERATURES OF 297, 77, and 4.2 K WITH A PdFe ABSORBER

T IS EQ HF DHF r
(K) (mmy/sec) (mmy/sec) (kOe) (kOe) (mm/sec) % CHI
297 0.23(1) 1.302) 0.50(6) 38(8) 1.19
0.25(2) 0.86(4) 0.29(7) 17(10)
0.23(1) 0.44(1) 0.41(2) 45(7)
77 0.47(3) 1.28(4) 1.1(2) 35(3) 1.03
0.35(1) 0.69(2) 0.64(2) 39(10)
0.23(16) -0.2(1) 395 51 0.20 20(6)
0.15(22) 0 170 26 0.20 6(4)
4.2 0.32(8) 1.9(5) 1.6(5) 117) 1.09
0.34(3) —0.19(2) 467 49 0.20 24(4)
0.34(4) -0.122) 435 38 0.20 65(2)

Note. IS, EQ, and T are the isomer shift, quadrupole splitting, and linewidth (in mm/sec).
DHEF is the standard deviation of a Gaussian distribution of magnetic fields. This IS is referred
to room-temperature metallic iron. The % is the percentage of the total area, CHI is the x?
value of the fit. The figures quoted in parentheses denote the estimated errors of the fitted
parameters and refer to the last significant figure.

erant-electron states is formed from the
d2-,2 parentage. The width of the ob 2
band appears to be comparable to the corre-
lation splitting, so any correlation splitting
of the half-filled o%_,2 band can only pro-
duce, at most, a small bandgap. On the
other hand, there is no compression of the
Ni-O distance along the c-axis, so the d,2
electrons remain strongly correlated, and
the db state lies below Eg spiit by 2-3 eV
from an empty d energy located above Er.
The filled nickel 8 manifold lies well below
Er. Therefore the energy diagram for ho-
mogeneous, stoichiometric La,NiO,4 can be
represented by Fig. 2a. Compression of the
Ni-O bond in the basal plane should raise
the center of the o2_,2 band relative to the
top of the O?"-ion 2p% band, so Ep can be
placed unambiguously above the top of the
O?"-ion 2p® band in La,;NiO,.

The La,NiO, normally prepared is nei-
ther homogeneous nor stoichiometric. It
tends to be p-type, and the presence of Ni**
ions can be directly observed by iodometric
titration (7). Electron microscopy has also
provided direct evidence for some

perovskite intergrowths, introduced at ran-
dom, that are multiple (in contrast to a sin-
gle) LaNiO; perovskite layers between two
rock salt LaO layers (12). The perovskite
LaNiQ; is metallic; the stronger covalence
with low-spin Ni'l jons transforms the o-
antibonding orbitals of e, parentage into a
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F1G. 2. Schematic energy-band diagram for (a) stoi-
chiometric, homogeneous La,NiO, and (b) Fe- and
Co-doped La,NiO,.
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narrow o* band of itinerant one-electron
states that are only weakly correlated (10).
Electron transfer from the La,NiOy regions
to the LaNiO; layers would lower Er below
the middle of the o%_,2 band of the La,NiO,4
regions even if most of the Ni** ions are
trapped in the perovskite layers.

Any nickel-ion vacancies would also tend
to trap two d-band holes as Nilll ions at
near-neighbor nickel atoms. In NiO, the ac-
ceptor levels associated with a cation va-
cancy are about 0.6 and 0.8 eV above the
top of the Ni**+2+:34% band (/0); in La,
NiQy, the greater separation of nickel near-
est neighbors and the greater screening by
itinerant o%_,2 electrons would reduce this
energy to about 0.2-0.4 eV above Ef.

Substitutional Co impurities would have
a Co’*2*:3d7 redox energy at least 0.5 eV
above Efy as a result of the smaller effective
nuclear charge experienced by 3d electrons
on the lighter cobalt atom (10). Therefore a
31Co impurity could not exist as a YCo?*
ground-state species; such a species would
lose an electron to the nickel o_,2 or d2
bands to become 7Co3*. It is not possible to
predict the spin state of the Co’* species
from these semiempirical arguments. An
energy diagram for our ’Co : La,NiQ, is il-
lustrated in Fig. 2b. Electron correlations at
the impurity center are strong enough to
inhibit the formation of ¥Co** ions.

These arguments are consistent with in-
dependent empirical evidence from other
systems. The spinel Co;NiQy, for example,
exhibits an equilibrium between the two
configurations

Co**[Ni**Col]0, = Co**[Ni2*Coll]O,

where Co!!! represents a low-spin $¢? con-
figuration. In this compound, low-spin Co™
is stable in the presence of a mixed Ni3*/2*
valence on the same subarray of octahedral
sites (13). Moreover, in the perovskite sys-
tem La(Ni;_,Co,)O;, the low-spin Ni'f and
Co ions coexist on the same subarray of
octahedral sites with no evidence of any
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further oxidation of the Co jons by the
Nill jons (14, 15).

Since Fe is to the left of Co in the Peri-
odic Table, a similar argument leads to the
prediction that ¥Fe impurities can only ex-
ist as YFe3* ions in La;NiQO,. In fact, only
Fe3*-ion Mossbauer spectra were observed
in ’Fe : La,NiO4 (9). This deduction is also
consistent with the observation of only
Fe’* ions in the perovskite systems La
(Ni,_.Fe,)O; and La(Fe,-Co,)0s (15, 16).

B. 5'Fe Daughters in ¥'Co : La;NiO,

The fact that Co and 'Fe are expected
to enter La,NiO, as ¥Co** and *"Fe3* still
leaves open the question whether the Moss-
bauer spectrum from the daughters of elec-
tron capture by ’Co** in La,NiO, are
uniquely 'Fe3}* or may be mixed-valent
S’Fe3* and S'Fe**. The possibility of mixed-
valent Fe3*, Fe** daughters is suggested by
the report of Demazeau et al. (17) that the
ordered compound Fe:La,Li;,C01,04
gives both Fe** and Fe** Mdossbauer spec-
tra. However, no evidence of any YFe4*
species was observed in our Mdssbauer
spectra of ’Co : La,NiO, (see Table I). De-
tails of the Mossbauer analysis are pre-
sented elsewhere (9).

Nuclear electron capture by a 7Co** nu-
cleus leads to an excited S'Fe3* ion, and
excitation of an Auger electron from the
37Fe3* ion to the conduction band is possi-
ble. Moreover, electron decay from the
conduction band need not be a return to the
STFe** ion; it has a greater probability of
capture by the o#2_,2 band. The probabili-
ties of electron-hole recombination at an
iron atom and a nickel atom are

Are ~ arelFel, Awi ~ owilNi]

where o and o; are the capture cross sec-
tions of the 7Fe?* and the Ni3* centers, re-
spectively. However, the 'Fe*" ion will
capture an electron from the o®_,2 band in
a time shorter than 10~7 sec so long as the
Fe**/3* level lies below the Fermi energy Ef.
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Independent measurement of the ESR
spectra of Fe:TiO, and Ni:TiO, have
shown that the Fe*t”* level lies some 3 eV
below the Fe**”2* level and at least 1 eV
below the Ni3*2* levels (/8). The large ef-
fective correlation splitting between the
Fe3t2+ and Fe**?* levels arises from the
fact that high-spin Fe3* ions have a half-
filled 3d° shell. Therefore, the observation of
a unique ’Fe3* daughter ion in La,NiO, fol-
lows at once from the model of Fig. 2b.

There remains to show that this argument
is consistent with the Mossbauer data (17)
for ¥Fe : La,Li;»C01,0,. In this latter com-
pound the Co** ions have only Li* cation
near neighbors in the basal plane, so the
Co’*:3d7 intermediate-spin configuration
is localized. In this case there is no band of
itinerant-d-electron states; the Co**3* and
Co**?* redox energies are split from one
another by correlation energies of several
electron-volts. In such a case, any oxida-
tion of La,Li;»Co0:,04 would lead to mixed
Co** and Co*" ions. Since the high-spin
Fe*t3* . 3d° energy appears to lie just above
the low-spin Co'V!L; f§¢® energy, any holes
tend to be captured by the YFe impurities.

It follows that even slightly oxidized
S7Fe : La,Li;»C0120s may give a mixed
Fe3t, Fe** Mossbauer spectrum. It also fol-
lows that a slightly oxidized Co: La,Li,»
C0,7,0, should give a mixed Fe3*, Fe*
Mossbauer spectrum from its daughter
ions. Demonstration of this prediction
would provide the first example of a ’Fe**-
ion daughter.
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